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PREFACE

This report is 1n support of the ongoing effort in the
fabrication of GaAs MESFET integrated circults by the
Avionics Laboratory, Microelectronics Branch, Air Force

-~

Wright Aeronautical Laboraiories (AFWAL/AADE). AFWAL/AADE

is fabricating GaAs MESFETs in order to establish a baseline
GaAs processing capability and requires a knowledge of the
DC parameters of the MESFETS. AFWAL/AADE has been obtaining
these parameters using a tedious and time consuming manual
process. The branch has had the capability to automate
this process using available equipment, however, the
progedures to perform this process had not been developed.
Thils thesis will attempt to provide the required procedures to
automate the data collection process including the results
obtained.

I am indebted to the support of Mr. Gordon Rabanus,
Branch Chief, Mr. James Skalskil, Facility Manager, Mr. Roy
Newman, all of AFWAL/AADE, Electronic Technology Division,
and my advisor, Major John M. Borky. These gentlemen provided
me with valuable technical advice, direction, and support
needed to complete this thesis. The effort represented in

this thesis 1is an integration of my two major sequences:

Electron Devices, and Digital Computer Systems. I would also
like to extend thanks to my readers, Dr. T. E. Luke and

Dr. Robert E. Fontana for their support. Additlonally, I

want to thank Mr. Kevin Pahl and Mr. Newman in the development

of the probe cards which were needed to interface the Singer
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with the GaAs MESFETs at the wafer level. Dr. Fritz Schuermeyer,
Dr. H. P. Singh, Lutz Micheel, Russell Sherer, Ben Carroll,
and David Hill provided me with the needed circuit theory and
repalr of the Singer. Captain J. B. Rawlings, Mr. Andrew
Guieterrez, and Mr. Al Carney provided me with the necessary
teecmical information required to oég;ate the Singer tester.
Many others were also involved in this technical effort and
I would like to extend my thanks and appreciation for their
assistance.

My deepest gratitude goes to my parents, Mack and Peggy
Harper, and my close friends, Miss Sherry Heath, Mr. Roy
Newman and my many friends who provided me continued encouragement
and understanding when everything did not seem to be going
my way. Without theilr support and all otherspreviously mentioned,
this thesis may not have been completed. Special thanks goes
to my typist, Miss Sheri Vogel, for her excellant typing and

help when I made thesis format mistakes.
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NOTATION

AL Active load MESFET

Ao Device thickness

BV Breakdown Voltage at VG3=0

Cdc Dipole layer capacitance

Cdg Drain-gate capacitance

Cgs Gate-to-source capacitance

X Affinity of an electron

C3 Current source MESFET

Csi, Cs2 Singer current source supplies 1 and 2
CON Connect

D » MESFET Drain

d Conductive layer thickness

DGB, DGC Dual gate MESFET (B and C inputs)
E Electric field

Ec Conduction band energy level

ENA Enable power supply

Ep Threshold electric field

€€ Permittivity

Ew Energy work function

fo Gain-bandwidth product

fT Frequency at unity current gain
fu Maximum frequency of oscillation
G MESFET gate

gm,GM Transconductance

GND ' Ground

I Current
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Drain current

Saturated drain current at VG3=0
Gate length

Density of conduction electrons
Doping density

Frequency in radians

Charge of an electron

Drain resistance

Gate resistance

Specific resistivity of the gate
"ON" or ohmic resistance
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Drain-source resistance

MESFET source

Source Follower MESFET

Single gate MESFET (A input)
MESFET gate thickness
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Electron drift velocity
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VDS,VDS Drain to source voltage
VF Forware threshold voltage of a diode
VG MESFET gate voltage
VGS,VGS Gate to source voltage
VMH , VML Voltmeter (high and low connections)
VP,VP Pinch-off voltage
vp Peak equilibrium velocity
VR Reverse threshold voltage of a diode
V3S1-VsS5 Singer voltage sources 1-5
w MESFET gate width
X Coordinate in direction of
electron drift
ym Frequency-independent magnitude
(ym—gme"j“”o)
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ABSTRACT

R
Procedures were developed to automate the manual testing

of the DC parameters of GaAs MESFETs, integrated resistors

and Schottky diodes. These devices are elements of a NAND/

NOR logic circuit developed by Hewlett-Packard. The Singer
Automatic Integrated Circuit Test System located at the

Alr Force Wright Aeronautical Laboratories, Avionics Laboratory
(AFWAL/AADE), Wright-Patterson AFB, OH, was used to develop
these procedures. The system was built by Singer Aerospace

and Marine Systems, Glendale, California to test the DC

parameters of semiconductor devices using Singer's Elucidate

programming test language.
The following DC parameters for the above devices were to

be tested using the Singer tester: drain-to-source voltage

‘§VDS), saturated drain current S?DSS

(VGS) at 0.0 volts, linear on-reslistance and saturation resistance

) with gate-to-source voltage

at VGS = 0.0 volts, pinch-off voltage §VP), transconductance

(gM), breakdown voltage (BV) at Vg = 0.0 volts, diode forward
and reverse threshold voltages; and resictance. Test results
have been obtained for the following MESFET parameters: VDS’

I v linear on-resistance and saturation resistance,

DSS? 'GS?
VD and Sy * Unfortunately, due to system measurement inaccuracies,
these fesults do not compare favorably when compared with
curve tracer I-V curves of the MESFETs. This thesis will
attempt to demonstrate the feasibility of the Singer to

test these parameters given the status of the system.

xvi
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Additionally, a literature search of several GaAs
models has been conducted. A GaAs MESFET model has been
proposed from that search that will accurately predict the

DC parameter data obtainable on the Singer tester.

xvii
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I. INTRODUCTION

Background

Within the Air Force, a need exlists for a digital processing
capability requiring clock rates far =xceeding those possible
with even the most advanced silicon technology. Requirements
projected for 1980 to 1985 are for electronic warfare, telemetry,
digital communications, and specialized radar processing systems
to cover the 1 to 60 GHz clock-frequency range. Specifically, ﬁ
high speed logic will be required in fast phase-lock lcop fre- i
quency syntheslzers, spread spectrum communications, wideband
direct frequency counters, real-time processing of radar data,

‘ and high-speed analog-to-digital (A/D) and digital-to-analog
(D/A) converters. A 1 to 5 GHz GaAs logic capability can
satisfy many of these requirements (Ref 3:1).
Of particular interest to the Alr Force is the GaAs, depletion

mode, metal-semiconductor field-effect transistor (MESFET).

The (aAs MESFET has been the subject of research and development
contracts sponsored by the Air Force Avionics Laboratory of the H
Air Force Wright Aeronautical Laboratories (AFWAL/AADE) at

Wright-Patterson Air Force Base, Ohlo. The GaAs MESFET is

intended to play a sigﬁificant role in the future development

of the above systems. The specific logic circuits where the

GaAs MESFET 1s expected to play a key role are logic gates,
flip-flops, decoders, counters, random access and read-only

memories, and, as mentioned previously, A/D and D/A converters.




The GaAs MESFET was chosen by the Air Force for ultra-
high-speed digital processing due to its ability to function
as a microwave amplifier or subnanosecond switch. In addition,
integrated circuits buillt with GaAs MESFETs are capable of
achleving high speed at low power so that medium-scale integration
(MSI) circuits can operate at 2-3GHz clock rates (Ref 7:1).

At the present time, AFWAL/AADE is interested in the logic
gate as shown in Figure 1(a). The FETs shown in the figure are
GaAs MESFETs. Basically, the logic circuit is capable of
performing a combined positive logic NAND and positive logic
NOR function as can be seen from the expression, Z = A(B+C).
The device was developed under contract by the Hewlett-Packard
Company, HP Laboratories Division, Palo Alto, California
several years ago (Ref 4:29), AFWAL/AADE has fabricated this
circult in its own integrated circuit laboratories in order to
establish a base-line GaAs processing capability. A problenm
exlsts in testing due to the time and effort in obtaining
required values of DC parameters for the individual MESFETs.

A knowledge of the spread of DC parameters for all MESFETs in

a wafer and from wafer to wafer would enable the laboratory

to evaluate the fabricatlon process and identify problems and
needed improvements. This ability would eventually contribute

to the fabrication of high quality logic gates and the achievement
of higher yields.

Current Method Used to Test MESFET Devices

AFWAL/AADE has been studying the DC parameters of the GaAs

MESFETs shown 1n Figure 1 for some time using a manual probing
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Figure 1. MESFET Logic Gate. (a) Circuit Schematic: (b) Logic Diagram
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system. The manual process involves the use of a special
probe station, designed specifically for testing individual
chips on a 2-inch diameter wafer, and a curve tracer
oscilloscope as shown in Figure 48 in Appendix A. The probe
station consists of individual probes connected on one end
via low resistive wires to the curve tracer while the tip

of each probe is placed on a pad on the logic gate. The
probe station operator's Jjob is to manually make the proper
connections between the chip (Figure 2) and the curve tracer
and obtain current-voltage (I-V) characteristic curves that :
describe the DC operating parameters of a particular chip. This
procedure must be performed on each chip with as many as 100
chips or so to a wafer. This manual process takes a consider-
able amount of time and effort and therefore hinders progress

in testing processed wafers. In addition, recordine data on
each chip through the use of curve tracer pictures and manual 7
data logging complicates the problem even further. Therefore,

a special need exists to be able to perform this testing through

a more efficient and rapid means.

Statement of the Problem

For the past several years, AFWAL/AADE has had the capability
to automatically test devices through the use of a Singer
Automated Integrated Circuilt Test System. AFWAL/AADE has
never before used the system to test FETs. J. F. 8kalski
of AFWAL/AADE felt that the testing of the GaAs MESFETs' DC
parameters could be best performed by its automatic testing system.
It was felt that this could provide a more efficient and

repid means of obtalning and recording data on the numerous
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individual chips on a wafer. Therefore, the main goal
of this thesis is to develop a more efficient and rapid

capability of evaluating and analyzing the static performance

and characteristics of GaAs MESFETs of a logic circuit
chip as shown in Figures 1 and 2 using the automated zystenm.
The evaluation and analysis consists of developing a computer
program to obtain the DC operating parameters of all devices
on each chip or die on a wafer. The devices consist of sincle
and dual gate GaAs MESFETs as well as Schottky dicdes and resistors
as shown in Figures 1 and 2. In addition, all data obtained 1is
to be recorded on magnetic tape for future evaluation and
analysis by laboratory personnel. Data retrieval is to be ?
provided using a FORTRAN IV computer program to read data
from the tape. The data for the individual MESFETs (by chinp)
is then to be output to a line printer for subsequent printing.
Programming the Singer tester requires the use of a special
test language known as Elucidate. Elucidate is capable of
commanding the test system to conduct current, voltage and
resistance tests. 1In other words, static DC testing is the
primary specialty of the entire system. ﬁ
As a second goal of this thesis effort and to provide
a further means of analyzing the performance and characteristics

of GaAs MESFETs, existing models of FETs are to be studied and

evaluated for thelr suitability for circuit design and testing
of these devices. The results of the data obtained through
testing are to be used to estimate DC parameters of the
appropriate device model in order to provide a quantitative

appralisal of the test results and model prediction.

6
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In addition to the above, g study of the existing Cinger
testing system is to be conducted to determine itc capabilities
in the area of future high-speed testine,

Scope

This thesis is a culmination of research and analysis of the
GaAs MESFET and 1ts use in integrated circuit form. The theory
behind the operation of the GaAs ME3FET is covered as well as
how it is used in integrated circuits. In addition, candidate
models of the GaAs MESFET are studied for circuilt design and
device evaluation., The DC operating parameter results are
presented, analyzed, and used to validate the model chosen to
depict these parameters. Also, test programs to automatically
test GaAs MESFET's on the wafer are presented including an
analysis of the results obtained. Finally, the capabilities
of the testing system are evaluated.

Assumptions

Much of the underlying theory of the DC parameters of the
depletion mode, n-channel junction field-effect transistor
(JFET) can be applied to the depletion mode, n-channel
MESFET. This 1s explained further at the beginning of Chapter IT.
Therefore, it has been assumed that much of this theory can
be accepted without proof since 1t is used in many researcn
articles and 1is accepted throughout the field of micro-electronics

and semiconductor device physics. All equatiocns and ideas are,

of course, referenced so as to insure credibility.




Approach

The general aprroach taken in the thesis is to present the
theory behind the operation, and the characteristics of, the
GaAs MESFET. From here, a study of the GaAs MESFET's ucse in
an integrated circuilt Is covered as well as the cperation
of the circuit as a whole. Tests performed and results
cbtained using manual testing are discussed. These results
are then applied to the model of a GaAs MESFET (single-zate)
to determine their suitability for DC parameter mcdeling.
A model of the dual-gate, taken as the combinaticn of two
single-gate MESFETs in cascade, is proposed and discussed.
In addition, the basics of the Singer Automated Testing
System are presented as well as the computer program and
results obtained from testing a single-gate MESFET. The
capabilities of the system are then discussed.

Sequence ¢f Presentation

In Chapter II, a study of the theory behind the cperation
of the GaAs MESKFET, as well as its static, high-speed and low
power characteristics are presented. The use of the GaAs
MESFET in a logic circuilt is discussed, included design
consideration, using NAND/NOR logic circuit, Figure 1(a), as an
example.

The proposed models of the GaAs MESFET single-and dual-gate

models are presented in Chapter III. A study of each of these

models is made as well as an analysis of the single-gate model's
potential in simulating or modeling its DC parameter characteristics.
DC parameters were obtained from a MESFET tested manually as

presented in Appendix A,

|
|




Procedures, algorithms, and flowcharts used to present
the development of the MESFET program that automatically
tests the DC parameters of the devices in Figure 1(a)
are presented in Chapter IV. 1In Chapter V, the results
obtained from automatically testing the DC parameters of the
devices in Figure 1(a) are presented.

In Chapter VI, a brief capability and limitation study of
the Singer tester is presented. A conclusion outlining
accomplishments of the thesis preoject as well as recommendations
which might lead to further investigation and development
in the automated testing of the GaAs MESFET are presented in

Chapter VIT.
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IT. GafAs MEEFET AND FOHOTTYY BARRTER DIODI THVORY

The GaAs metal-semiconductor fiecld-effect transistor
(MESFET) exhibits current-voltage characteristics as well
as operating DC parareters very similar in most respects
to junction fleld-effect transistorsz (JFETs). This 1iIs due
to the fact that both are tnree-terminal semiconductor devices
in which the laterial current flow 1s conftrolled by an externally
applied vertical elcctric field. According to Echockley, the

JFET is a unipolar transistor because the current flow is

-

carried by one type of carrier only, the majority carrier

(Ref 2:1365). The MESFET can also be considered to be

unipolar transistor since current flow is also due to majority
carriers, specifilcally electrons (Ref 1:319). Both devices

are characterlzed by a llghtly doped active channel regicn
between two heavily doped gate regions. The channel current
flows petweer: the draln and source terminals which are formed
by ohmic contacts (Ref 93182 and Ref 6:285). (See Figure 3.)
There are, of course, several differences between the Gals
MESFET, and, say, a silicon JFET. Por instance, the high speed
and power capabllities, and the drift veloclty vs. electric
field characteristics are different 1n each device, but these
will not be elaborated upon. There 1is one structural difference
worth briefly mentioning. The dilfference lles basically in

the gate regions. 1In the JFET, the gate termlnal is formed

by a p+ region for an n-type channel, In the MESFET, the

gate is formed by a metal-to-semlconductor (n-type) contact

known as a Schottky barriler,

10
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(b) N-Channel GaAs MESFET (Ref 30:287)

Figure 3. Cross-Sections of an N-Channel JFET and GaAs MESFET.
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MESFET Theory of Operation

As in the JFET, the MESFET 1s basically a 3~terminal
device consisting of the source, drain, and gate, Figure
b(a) 1s a simple view of an n-channel, depietion mode GaAs
MESFET, exluding the gate. A depletlon mode MESFET implies
that substantial drain current flows when the gate 1s shorted
for zero gate bias (Ref 13:197).

The majority carriers, in this case electrons, enter the
MESFET through the source(3) contact and leave the MESFET
through the drain (D) contact, The electrons flow from
source to draln with a velocity determined by the appliled
forward bilas from drain to source. Current flow is propor-

tional to the applled drain te source voltage, V at low

DS’
voltages and therefore the MESFET behaves like a linear
resistor (Ref 6:285), The current flow, however, departs

from linearlty at larger voltages due to the fact that the
electron drift velocity reaches a peak value at about 3kv/cm,
and then decreases and levels off at a saturated velocity
slightly higher than in silicon, as shown 1n Figure 5. The
saturation velocity in GaAs differs by no more than 10 percent
from the value obtalned in silicon (Ref 25:652), However, the
gain-bandwidth product of the FET, fo, could rise to as much as
30 GHz 1f GaAs 1s used instead of S1 due to the larger
saturation drift velocity in GaAs (Ref 10:93), (The current-
coltage curve therefore falls below the 1nitlal resistor line

and the current begins to saturate as shown 1n Figure 5

(Lg = gate length > 3um,)

12
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Between the source and drain, a metal-to-semiconductor 1
contact (or Schottky barrier) known as the gate has been
added as shown in Figure U(b). The gate creates a layer in
the semiconductor that is depleted of free-carrier electrons.
This depletion region acts somewhat 1like an insulator that
constricts the current flow in the channel. The depletion
region width depends on the voltage applied between the

source and the gate, V In Figure U4(b), the gate is shorted !

GS*®

to the source (V 0) and a small drain voltage 1s applied.

Gs
As a result, the depletion region has a small width and the
conductive channel below has a smaller cross section dl than do
in Figure 4(a). Therefore, the resistance between the source
and drain is larger. The saturated drain current is given by

I, = qwn(x)d(x)v(x) (1)
As long as E>Ep, the electron density n is equal to the constant
donor density, ND (equilibrium). Voltage in the channel is
zero at the source and increases along the channel to the

applied V at the drain. The depletion region becomes

DS
wider from the source to the drain and the gate becomes
increasingly reversed biased as shown in Figure 4(c). A

constant current through the channel 1s therefore maintained

as a result of the decrease in conductive cross section d2.

In GaAs MESFETs with very short gate lengths (LF>3um),

2

conditions in the high-field reglion of the channel are not the

same. As long as E is maintalned below the threshold [ield,

Ep, the electrons remain in equilibrium (Figure 4(4)).

15




At about E=Ep, and where d3=dl, to preserve current continuity
according to (1), a heavy electron accumulation layer must

form in this region because the channel cross-section is
narrowing. If the electrons enter a high-field region (E>Ep),
they are accelerated to a higher velocity before relaxing

to the equilibrium velocity. As shown in Figure 4(d), the peak
cquilibrium velocity, vp, is doubled for E>Ep. The doubling

of the electron velocity shortens the electron transit time
through the high-field region and at the same time shifts

the accumulation layer between the gate and drain.

In Figure 4(e), with a negative voltage applied to the
gate, the gate-to-channel barrier becomes reverse biased, and
the depletion region grows wilder., The channel acts as a linear
resistor as before for small values of VDS' However, the
channel resistance will be larger due to a narrower cross
section and hense a small current flow. For further increments
of VDS’ Ep is reached at a lower drain current than in the VGS
case. The current remains saturated for a further increase

in VDS (Ref 6: 285-288),

MESFET Static Characteristics

The n-channel MESFET is summarized in Figure 4. For an
r-channel MESFET, the gate is reverse biased as shown to form
a depletion region under the gate., The MESFET 1s
connected in the common-source configuration with the drain
to source forward blased as shown. The common-source drain
characteristics for an n-channel MESFET are shown 1n Figure
6, a plot of I

verses VDS’ with V as a parameter. The

D GS

16
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characteristics can be explained with VGS = 0, The

channel is completely open when ID = 0. For a small applied

voltage V the MESFET acts as a simple semiconductor resistor

DS’

whereby the current ID increases linearly with V While the

DsS*®
current is increasing, the ohmic voltage drop between the

source and the channel reverse-biases the junction, and
eventually the channel begins to constrict. The constriction 1s
not uniform because of the ohmic drop along the length of the
channel itself. The constriction is more significant near the
gate and drain as shown in Figure 4(d). Pinally, a voltage

VDS is reached at which the channel reaches "pinch-off". This
is the voltage where the current ID levels off and approaches

a constant value. In principle it i1s not possible for the
channel to close completely and therefore reduce ID to 0. Each
value of VGS produces a characteristic curve with an ohmic
region for small values of VDS and a constant-current region fcr
large values of VDS where ID responds only slightly to VDS'

With a gate voltage V applied in the direction to provide

GS
further reverse bias, pinch-off will occur for smaller values

of V with the maximum drain current even smaller. This

DS?
can be seen in Figure 6.

The maximum voltage that can be applied between any two
terminals of the MESFET is the lowest voltage that will
cause avalanche breakdown across the gate junction. As
shown in Figure 6, avalanche breakdown occurs at a lower

value of V when the gate 1is reverse-bilased than for

DS

17
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VGS = 0. This 1s due to the fact that the reverse-blas gate
voltage adds to the drain voltage, and thereby increases
the effective vecltage across the junction (Ref 11:312-214).

Important DC Parameters

Typical values of DC operating DC parameters that describe
the switching operation for n~channel GaAs MESFETs with

lum x 500um gates are:

Ipss 75ma

I, (max) 120ma

Vp -2.5V
Ron 850 ohms
8m at VGS =0 50 mmho
VGS(max) 0.8V
RSAT 2000 ohms

Breakdown Voltage (at V = 0,0V) 10V

GS
(Ref U:L4-6)

The theory and the techniques underlying measurement of the

listed DC parameters will now be presented.

Drain current, designated by ID’ is given by

v .
_ GS 2
Ip = Tpgst- v ) (2)
where I is the saturated drain current with the gate

DSS
shorted to the source (VGS = 0), VGS 1s the gate-to-source

voltage, and Vp the pinch~off voltace. FEquation (2) is the
transfer characteristic of the MESFET in saturation given

the relationship between ID and V and is parabolic as shown

GS

in Figure 7. ID can be found (through actual measuremecnt)

19




by simply measuring the current entering the drain from
a power supply voltage (VDS) using a milliammeter inserted
in series. A reverse-blas voltage 1s then applied between
3 +
VGS' IDSS can be measured in the same
manner with VGS = 0 cr the gate and source shorted, By varying

the gate and source,

VDS at a certain applied VGS, the characteristic volt-ampere

curves can be obtained as in Figure 6 (Ref 4:5),
The pinch-off voltasge, Vp’ 1s used to describe the value

of gate~to-source voltage, V that will "pinch-off{" or

Gs?
constrict the channel and thereby reduce the drain current,

ID’ to approximately zero (Ref 11:213), Vp can be found by

measuring T (at VG = 0), taking 1% of that value of drain

DSS S

current, and then increasing V in the negative direction while

GS
monitoring the drain current., When the drain current is

approxlimately equal teo 1% of I that value of VGS at the

D3s?
time 1s taken as Vp. The pinch-off voltage is shown in

Filgure 6 (Ref 12:82),

The MESFET behaves like an ohmic resistance for values
of VDS well below saturation, The "ON" drain resistance,
Roy» 18 the ohmic resistance and 1s found by the ratio VDS/

ID at a given applied VDS' RON is simply the reciprocal of the

slope 1n the region prior to saturation for a specific VGS

as shown in Figure 6 (Ref 11:316),

The mutual conductance or transconductance of a MESFET
is an important forward transfer characteristic. It 1s an
expression that Indicates how much change 1n outrut current

may be induced by a change 1in the input voltasge,

20




Figure 7. MESFET Transfer Characteristic (Ref 11:337).
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i.e., the basic gain of

Transconductance can be

VDS at a specific value

at two different values

the device, and 1s g¢glven by

(3)

at a given VDS’

determined from Figure € by settines

and then taking two values of IDQ
)

of VGq and avplying these to

‘ equation (3) (Rer 12:86),

The resistance of the channel in the saturation region

is the output resistance, RSAT’ and 1s taken as the reciprocal

g of the slope in the saturation region (for an applied V..)

as shown in Figure 6,

i T
ratio AVDS/A‘D

(Ref 15:163).

GS”

The output resistance 1s given by the

in the saturation region for a given VGS

High-Speed and Low-~Power Characteristics

scale-integration (MSI)

The power consumption of any high speed loglc device must
be no higher than necessary to achieve its sveed objectives.
Monelithic integrated circuits built with GaAs MESFETs can

achieve high switching speed at low enough power for medium-

circuits to operate at multi-

gigahertz clock rates (Ref T7:41)., According to Liechti
(Ref 14:489), MSI packing densities require a power
consumption of less than 50 MW per zate for a total power

dissipation of 1 watt or less for an entire chip., In order

to lower the circuit-power, it 1s necessary to decrease the

propagation delay and thcrefore reduces the hlgch-speed capabilities

of the circuit. In other words, propagation delay 1is inversely

proportional to power,

gate width of the MESFE!. This, however, 1lncreases the

For example, a MNAND/NOR GaAs MESFLT

22
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logic circuit with 10um gates has been experimentally
determined by Liechtl (#ef 14:490) to have a preparation deiny

of 142 ps and a power consumption of 20m%W per MEZVFET. For

T

. 20um gate widths, a propagation delay of 111 ps and power |
consumgtion of 40 mW per MEZFET has been Zdeternined.
<
; An approach to explain the hich-sreed and low power
é characteristics of the GaAs METFET can te made using semi-
conductor device physics and comparinz Z=ais with Ji, In G34s,
electrons have six times hifgher low-£1c13 mouility 2han in silicon
k doped to the same level with n-tyre imrurisios 1z shzown in a

Figure 8, This results in lower oprerztin- Vol z~es anid lower

'ON' resistances for switchineg zarrlicaticns, =mnd thereby

reduces power consumptlon. The maximui clectron velocity
of GaAs is about twice that of Si as shown in Tisgure 5. This
results in a larger current change for a given gate voltage
change (higher gm(, and therefore enhances switching sreed
(Ref 7:42). The saturation velocity for GalAs 1s slightly higher
than Si. As a result, the current-gain bandwidth, fT’

is about two times higher and the maximum frequency of
oscillation, fu, is three times hligher in GaAs as

opposed to Si (Ref 5:289),.

To achieve the highest possible switching speed, the
metal-semiconductor gate electrode, which forms a rectifying
Schottky barrier contact, must be very narrow-about lum
(Schottky barrier gate length) in today's technology (Ref T7:42). #

Decreacing the gate length (Lg) decreases the parasitlic gate-

to-source capacitance, Cgs’ and also increases the transconductance, |
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gm. As a result, [, 1s improved. or short gite lencth
MESFETs fT is proportional to 1/L_ (Ref €:08%).

Schottky Barrier Gate Theory

The Schottky barrier mate metalization, as shown in
Figure 3, consists of evaporated chromium, platinum, and gold
(Ref 3:19). The gate is lum in length and 600um in width
forming a metal n-type semiconductor contact for outside
connections (Ref 4:4),

According to semiconductor device physics, when a metal
makes contact with a semiconductor, the Ferml levels on both
sides align themselves after some charge movement. The
Fermi level in metal falls inside the conduction band and
can be looked upon as the average energy of the most energetic
electrons in the metal. For an energetic electron to be
completely emitted from the metal to the cutside, 2 minimum
energy, Ew (Metal), known as the work functlon of the specific
metal, must be addaed above the EF of the metal.

As in a metal, some minimum energy msut be added in a
semiconductor to get electronic emission. However, since
EF 1s located 1n the forbidden gapr where electrons in the
semiconductor cannot possess energies between the conduction
and valence bands, a quantity called affinlty and denoted by
X is also used. Affinity 1s the additional energy that an
electron at the bottom of the conduction band, EC’ must
have to be emltted., This is shown in Figure 9(a) (Ref 16:107).

As shown 1in Figure 9(b), when a metal makes contact with

a semiconductor of a different work functlon, the twec Fermi

2k




y levels align in equilibrium after a momentary chift of elec-
trons from the material with the smaller work functlon to that
with the higher which reduces free energcy. Fermi-level
alignment is reached when an electric potential

difference has built up at the interface between the two

materials equal to the difference between their work

functions., This situation after contact 1s shown in Figure 9(b)
where n-type semiconductor 1is contacted by a metal of a hicher
work function.

Electrons pass from the semiconductor into the metal
since the metal has a higher work function than the semiconductor.
The loss of electrons creates a positively charced depleticn
region 1n the semiconductor near the interface tetween the
metal and the semlconductor. The depletion region extends
into the semiconductor for a depth depending on the doping
density which is much lower than the allowed states and
electron densities 1in metal around EF' The shift of EF
in the metal will be small while the shiff and band banding in
the semiconductor will take up practically all the potential
(Semicon. ), Once this

difference given by E,, (Metal) -~ E

W W
potential difference has grown to [Ew(Metal)—Ew(semicon.)]/,9,
equilibrium is reached, the depletion region is stabilized,
and no further net charge will cross the junction (Ref 16:
107-108),

A large density of surface states wlll always be found
at the crystal discontinunity of the surface of the semiconductor

material. These states wlll cause band bendling without making

contact wilth metal., After contact with metal, the surface
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states reduce the effect of a partlcular metal work function
on the band banding (Ref 16:109-110),

GaAs MESFET NAND/NOR Logic Circuit Design Considerations

The GaAs MESFET 1s a very fast switching transistor
capable of converting a voltage change at 1ts gate electrode
into a drain-current change in about 10ps (propagation delay).
The drain-current change must then be capable of developing
a voltage change suitable for driving the input of another
MESFET. This current-to~voltage conversion is the cause of
much of the delay in a MESFET logic circuit due to the circuit
capacitances that must be charged (Ref 7:42). It now becomes
necessary to further discuss the use of the GaAs MESFET in
an integratad circult as well as required design considerations
using Figure 1(a) as an example, .

Figure 1(a) is capable of performing a ccmbined positive
logic NAND, and a positlve logic NOR function as can be seen
from the expression Z = A(B + C) (Ref 4:29). The NAND/NOR
logic gate exhibits a 100~ps propagation delay at 400mW
power consumption yielding a U4-pJ speed-power product (Ref
14:495) and responds to clock rates from 0 to U4GHz (Ref 7:41).
The logic diagram for the circuit 1s shown in Figure 1(b).

The logic gate uses parallel switching in the form of the
two 1nput MESFETs, as well as serles switching, in the form
of the dual-gate input transistor (inputs B and C) (Ref 4:29).
The current-sourcing level in the circult 1s a high
impedance active load with the gate connected to the source

(Ref 5:21). The active load of the circuit provides a high

27




galn (Ref 5:21) minimizes power dissipation (Ref 4;28)

and is somewhat invariant to device parameter changes (Ref 5:21).
The high impedance node located between the active load and
switch 1s highly susceptible to capacitive loading. It is
for thls reason that a buffer clrcuit must be incorporated
into the logic gate to provide a low output lmpedance which
is insensitive to capaciltive loading (Ref 5:21, 24).

Since the MESFET is a depletion mode device, there is
an incompatlbility between the input and output (Ref 7:42),
A level shift 1s requlred to make th; input and outnut voltage
levels of the loglc circult compatihkle, This level shift is
provided by using Schottky diodes 1n the output buffer circuit.
The number of diodes required is’determined by the pinchoff
voltage of the MESFET and 1n turn determlines the magnitude
of the logilc swing (Ref 5:24), 1In this circuit, three diodes
are used, each with a forward threshold voltage cf about 0.8V,
The series voltage drops total 2,4V thus assuming that the
MESFETs should pinch~off at no more than ~2,4V, The source
follower, which 1s incorporated into the level shifter/
buffer circuit, provides extra current for driving capacitance
loading, Current is drawn through the constant-current source,
thereby producing a voltage drop across the three series-
connected Schottky dilodes. The output at 2 will now be
compatlble to meet the input requirements of ancther MESFET

logic gate.
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Theory of Operation. The study of the operation of the circuit

of Figure 1 will be conducted by treating it as a logic gate
that switches DC level inputs only. The switching time and
frequency response of the clrcuit will not be covered since
this thesis is primarily centered around the study of DC
paranmeters.

The heart of the MESFET logic gate consists of the
single-gate (A input) and the dual-gate (B and C inputs) as
shown in Figure 1(a). These gates and their respective inputs ;
determine the output, z, according to Table I. A logic O

applied 2t the inputs will pinch off or turn off the MESFETs

and, ldeally, an open clrcuit will result. An applied logic

1 will turn the MESFETs on and they will represent a small

resistance with a voltage drop. The logic gate uses positive
logic whereby a logic O represents -2.4 volts, and a logic 1
TABLE I. Truth Table for the GaAs MESFET

Logic Gate of Figure 1.

A B c Z
0 0 0 1
9 0 1 1
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 0
1 1 1 0
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represents 0.5 volts. For A=0, and B=C=0, or 1f either B
or C = 1, current is drawn from the active load below its
saturation point, and node 1 will be high., For A = 0,
and B=C=1, current 1s drawn from the active load beyond the
saturation point., The depletion region area of the active
load has decreased toward the source and therefore the channel
resistance has increased toward the source. Therefore, the
voltage drop at node 1 has reached to a logic 0. Similar
explanations can be given for the remainder of the table.

At node 1, a logic 0 willl be about 0.5V and a logic 1
will be about 4.0V. Since, and in keeping with positive logic,
the lowest voltage input is assumed to be a logic 0 and the
highest a logic 1. 1In addition, the levels have changed to
an incompatibility between the input and output since the i
MESFETs are depletion mode devices, The inputs will be brcught

to their proper levels after they are applied to the level

shifter as brought out in the previous section. The output
will be shifted to its proper level as shown in Figure 1(a)
so that it will meet the input requirements of another MESFET
logic gate connected 1n cascade,
Summary

In this chapter, MESFET device theory was presented.

The emphasis was placed on the static operation of the MESFET

to provide a foundation for the modeling effort and automated

testing. Models for the single and dual gates of Figure 1(a)

will now be proposed and dlsucssed in Chapter IIT,
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IIT. PROPOSED MODELS OF TUE SINGLE

GATE AND DUAL GATE GaAs MESFETs

AFWAL/AADE is currently conducting efforts in the modeling
of GaAs MESFETs. The modeling effort will aid in under-
standing the static and dynamic behavior of MESFETs currently
fabricated by AFWAL/AADE as well as any possible MESFET
Circuit design efforts. To aid in this effort, a study of the g
static characteristics only will be conducted in this chapter.
A literature search of the efforts conducted by a few
leading professionals in the field of GaAs MESFET modeline will
provide AFWAL/AADE with references for further study. The
search will be presented following a presentation of criteria
to be used in the evaluation énd subsequent selectlion of models
for the GaAs dual and single gate MESFETs. Selected models
studied in the literature will be subjected to the criteria.

A single gate and dual gate model will be finally proposed

after a study of the elements used to model the DC parameters

is conducted. The proposed single gate model will be analyzed
further in order to determine 1ts accuracy in predicting

DC parameter data that could be obtained on the Singer tester.

Criteria Established for the Selection of the GaAs MESFET Models

The follcwing are the criteria used in the evaluation and

subsequent selection of the GaAs MESFET model used in con-
Junction with device measurement and characterization in this

thesis:

31




1. The model must be suiltable and convenient for use
in digital integrated circuit design by accurately modeling
the DC parameters of the MESFET and by being computationally
tractable in circuit design and analysis.

2. The model must be appropriate for evaluation and
prediction of DC parameter data to be eventually obtained
from the Singer tester.

An evaluation of the above criteria is in order at this
time. In the testing of DC parameters of the MESFET, it is
important to know where pinch-off may occur or the point
where the MESFET switches on or off. The rate at which this
occurs is dependent on frequency. Since the dynamics
of the MESFET are not emphaslzed in this thesis, the rate
will be ignored. The emphasis lies in whether the MESFET
reaches pinch-off and if so at what point. Therefore, the
MESFET will be modeled with its use as an element in a digital
integrated circuit kept in mind,

Obtaining a suitable model will aid in predicting the
MESFET's DC parameters in a convenient manner and thus give
direction to device testing. These parameters would be
derived from points found on a MESFET's characteristic I-V
curves. The model would actually consist of a network of circuit
elements which simulates MESFET behavior under actual DC
conditions and yields the values found in the measured I-V
curves. These model parameters would be calculated from the
curves. The DC parameters that will be obtained from the Singer

tester and used to model the DC conditions of the MESFETs
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later in the chapter are the following: I
1. Drain Current, ID !

2. Gate to Source Voltage, VGS

3. Saturated Drain Current, IDSS
Linear On-Resistance, RO
. Saturation Resistance, RS

Pinch-0ff Voltage, Vp

Transconductance, € )

o N o U =

Drain to Source Voltage, VDS

The model to be eventually proposed and analyzed should

be able to be used to model ID, VGS' Ro, RS, and Gm as

equivalent circuit elements. IDSS and Vp are parameters

required to determine I, and do not vary for a particular

D

and I, are used to determine Ro, and RS

MESFET. VDS’ D

2

whereas, and VG

Tps s

This will be pointed out in the element defining equations

are used to determine gm

presented in the chapter.

Literature Search

A literature search was conducted to determine the
GaAs MESFET models available. Numerous models of the single
gate device were studied. The purpose of this section will
be t. present a few of the models studied that were developed
by several leading professionals and a brief descripticn of

each.
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Single Gate Model. Liechti (Ref 6:288) modeled the (Gals

MESFET as an RF equivalent circuit with the MESFET channel
modeled as a distributed RC network, The modzl was
developed for operation in the saturated current region in
a common-source configuration. Liechti also studied the
high-frequency limitations of the MESFET. These are derendent
on device geometry and material parameters accerding to
Liechti. He also described the noise behavior of the
intrinsic MESFET. Liechti drew from his study that "for
large drain voltages, the electrons reach their limiting
velocity on the drain side of the channel (of the MESFET).
In this region, the field has no influence on the carrier
drift velocity." He then concluded, "this channel section
cannot be treated as an ohmic conductor"™. Liechti's
discussion was based on a maximum frequency of oscillaticn,
fu, at 46 GHz.

“ Liechtli also studied the noise- and s-parameters of a
GaAs MESFET at low temperatures and at a frequency of Gliz
(Ref 22:378). He used the same GaAs model as before.
Through experimentation with a 1 micron gate length Gahs
MESFET, he determined that it was capable of very low-
noise performance at liquid-nitrogen temperatures. He also
determined that the MESFET's transconductance increased
with decreasing temperature, thereby raisineg the RF pain.

Pucel developed a small-signal equivalent circuit of the
GaAs MESFET valid at frequencies up to X band (Ref 28)

and used 1t in a mixer circuit. The mixer exhibited conversicn
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gain at microwave frequencies based on the small-signal
properties of the MESFET,

In Shur's work (Ref 18:612—618), a simple analytical

model of the GaAs MESFET was proposed., Shur based his

model "on the assumption that the current saturation in

GaAs MESFETs 1s related to the stationary Gunn dcmain formation
at the drain side of the gate rather than to a pinch-off cof

the conducting channel under the gate." Parameters calculated
in the model were transconductance, gate-to-source, and drain-
to-source capacitances, break-down vcltage, saturation

current, channel ccnductance, cut-off frequency, switching
times, power-delay product, channel conductance, and charge
under the gate. Two dimensional computer calculaticons were
used to verify the results which agreed very closely with
computer analysis results and 1 micron gate GaAs MESFET
experimental data. Shur demonstrated that the zate length
limitation was caused by stray gate-to-source and gate-to-drain

capacitance. He determined that the gate length must be at

least 1 micron for a GaAs MESFET.
Hower studied the theory, fabrication, and performance

).

v

O

of an n-channel Schottky-barrier GaAs FPET (Ref 19:19
He developed a lumped-element circuilt model of the Gals

FET and used the model to determine 1ts high performance.

He used the model to derive ccmmon-source y-paramncters ucing
standard network analysis.

Dual-Gate Model. A study of the results of Furutsuka (Ref 70)

will be presented in the dual gate characteristics sectlon.
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Selection of Models for Further Annlvsis

After preliminary analysis of the available models in
the iiterature, the Liechti and Hower model: were selected
f due to their ablility to meet the criteria presented.
These models are presented in Figures 10 and 11.
Both models are designed in a common-source configuration.
These models are well suited to circuit design because they
: can be used to model the MESFET (with suitable biasing) as
é the active device of a switching circuit to provide an
b output which is 180° out of phase with the input. Additicnally,

a high input and output impedance exist (Ref U4:40). The

Liechtl model is adequate up to 12 GHz for 1

micron gate lensths (Ref 6:288). As for the Hower mcdel,
it is suitable for circuit design for frequencies up to 14
GHz for 3 micron gate lengths (Ref 19:102).

The Liechti and Hower mcdels are both sultable for
evaluation with the data from the Sinzer due to their
potential to simulate the desired parameters on a family of
I-V curves. For instance, RO characterizes the MESFET in
the ohmic region of the curves (Ref 15:164) at a value in the
hundreds of ohms. Additionally, RS models the MESFET in the
saturation region at a value in the thousanlis of ohms.

The drain current, is modeled by the constant current

ID’
source shown in the figures,

The Liechti and Hower Models

Liechti's representation (Ref 6:285) of the equivalent

circuit or model of a low-nolse GaAs MESFET as shown in
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Figure 10. (a) Liechti's Equivalent Circuit Model of the GaAs MESFET. (b) Physical
Origin of Circuit Elements (Ref 6:289).
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Hower's Equivalent Circuit Model of the GaAs MESFET. (b)
Physical Origin of Circuit Elements (Ref 29:184).
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Figure 10(a) is an RF equivalent of the MESFET. Tt simulates

the n-channel as a distributed RC network. The common-
source model is intended for operation 1n the saturated
current region. The location of the elements of the model is
shown in Figure 10(b) with the circuit parameters listed in
Table IT. The parameters are those obtained from an actual
GaAs MESFET whose gate geometry was 1 micron (Lg) x 500 micron
(wg) with a donor concentration of Ny = 1 x 1077 em™3,
The model takes into acccunt the intrinsic as well as extrinsic
elements of the MESFET (Ref 6:288),
Table II,
Equivalent-Circult Parameters of a GaAs MESPFET

with a 1 micron x 500 micron Gate

(N. = 1 x 1017 cm"3)

D
INTRINSIC ELEMENTS EXTRINSIC ELEMENTS
gm = 53 mmho Cds = 0.12pF
C = 0.62pF R_-2.9 Ohm
gs P g 29
Cdg = 0.014pF Rd = 3.0 Ohm
CdC = 0.02pF RS = 2.0 Ohm
Ri = 2,6 Ohn
R = U400 Ohm
s
de BIAS
VDS = 5,0V
VGS = 0,0V
ID = 70.0mA
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Hower's representation (Ref 19:184) of the model of a
GaAs MESFET is shown 1n Figure 11. Hower's model is similar
to Liechti's except for the absense of the parasltic elements
Rg, Cdc’ and Cds‘

The following devices (intrinsic ard extrinsic) of ihc
MESFETs are modeled in the Liechti and Hower mnodels:

1. Gate~Metal Resistance

2. Gate-Source and Gate-Drain Capacltances

3. Dipocle Layer Capacitance

Y Source and Drain Reslstances

5. Drain - Source Capacitance

6. Drain - Source Reslstance

7. Current Source
The modeled devices wlll be described in the following

subsections,

Gate-Metal Resistance. The gate resistance (extrinsic)

Figure 10(a) 1s modeled by
R = Z /12t L b
g = P Zg/12tlg (4)
ohm~cm), tg (QO.S micron), Lg (1 micron)

where p(2.75x10'6

and Zg (100 micron) are the specific resistivity, approximate
thickness, length, and width of the gate respectively for
MESFETs fabrlcated by AFWAL/AA (Ref 20:581). Substituting
these values 1nto the above equatlon yilelds Rg & 1.80 ohms,

Gate-Source and Drain-Gate Capacitances. The gate~source

capacitance, modeled by Cgs (Figure 10) and drain-gate

capacitance (Figure 10 and 11) by Cdg’ are both intrinsic
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elements of the MESFET according to Liechti. Cys and Cdg

> >

represent the total gate-~to-~channel capacitance, Cdg + Cgs

(Ref 6:288). According to Hower, Cdg is a feedback

capacitance that accounts for the effect of field 1lines that
emanate from charges near the drain contact and terminate on

the gate., From Liechti (Ref 6:289), Rg and cdg form a time

constant,

TRcl = 1/fRcl = 2ﬂRngg (5)

Cgs charges through a channel resistance, Ri’ and

together they form a time constant given by

= l/fRC

= 27R,C (6)
2 2 ie

TRC s

(Ref (19:184)

Expressions for Cdg and Cgs have been derived taking into

account ag, Lg, Vi’ Vg, VBi’

expressions can be simplified when Vi<<VB - Vg' Then,

and AO (Ref 18:615). Thecse

I

- - 1/2
Cag = Cug = 1/272 2L ((eyeaN)/ (Vg =V())

dg gs =l/2€o€zL L /AO

28
(Ref 18:615) (7

Dipole Layer Capacitance. The divole layer capacitance

modeled by C (Figure 10), is an intrinsic element according

dc

to Liechti (Ref 6:288),. Cdc models the capacitance of the

distribution of space charge beneath the deplection region.

Source and Drain Resistances. The source and drain resistances

modeled by Ro, and Rd (Figures 10 and 11) respectively, are
both extrinsic or parasitic elements (Ref 6:288). According

to Hower (Ref 19:183-184), R, and Ry are as shown in Figure 11.
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RO 1s used to model the MESFET channel in the linear region
of an I-V curve.

Drain-Source Resilistance, The drain-source resistance is

modeled by R (Figures 10 and 11). Ry Characterizes the
channel in the saturated current region (Ref 15:163).

Current Source. The drain current 1s modeled by the current

source, ID (Figures 10 and 11). According to the models by
Liechti and Hower, the current source 1s dependent upcn the

voltage, v_, developed across Cg (Ref 6€:288), The trans-

S
admittance, B> is related to ID by

ID = ymvc (8)
and

Vogge o (9)

where 5 is the phase delay "reflecting the carrier transit
time in the channel section where E>Ep :(Ref 6:288).
Up to 12GHz, Y 1s characterized by a frequency-independent
magnitude, the transconductance S and T At DC, w = 0,
and therefore Ym = %n and ID = ngc. At low frequencies,
according to Millman (Ref 11:320), ID is proportional to the
gate-to-source voltage, VGS‘ Therefore, for a DC model of
the GaAs MESFET, it is assumed that
Ip = 2nVes (10)
Modification and Analysis

In this section, the models developed by Liechti and
Hower will be modified 1n order to omlt those elements that
will not be significant 1in determining the DC parameters of

the MESFET. Kirchoff's voltage law wlll then be appliled
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to the resulting proposed model to determine a useful relation-
ship between ID, VGS’ and VDS of the MESFET in the saturated
current regicn. I-V curves taken from an actual single-
gate MESFET at AFWAL/AADE will then be used in correlating
these DC parameters to those obtained by the equation relating
VGS and VDS to ID.

The capacitances, C c_,C, , and Cds’ ail represent

dg’ “gs de

extremely high complex impedances at DC and can be neglected
(Ref 15:168). According to Millman (Ref 11:321), no feed-
back exists at low frequencies from output to input in the
FET, and it wil1ll be assumed that this is true for the MESFET.
With this belng the case, the capacitances can be removed
from the model. As a result, no current (at DC) flows from
the gate to the drain or source via Rg and Ri' Therefore,
these resistances can be removed. Current flows, of course,

through the draln vla the low valued resistance, R, (3 ohms)

d
(Ref 6:288). R, and R are significant as pointed out in the

following analysis and will not be removed. The modified
model is shown in Figure 12,

The actual characteristic I-V curves shown in Figure 13
(obtained through measurement as described in Appendix A)
will be applied to the modified model as shown in Figure 12.
Referring to Figure (characteristic curves of a source
follower, Figure 1(A)), I is determined to be about 11.6

DS3

mA at VGS = 0. The transconductance, Em is found from the
curves using equation (13). According to (13), - is the

ratio of a change in drain current due to a change in gate
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Figure 12. Modified DC Equivalent Circuit Model of the GaAs MESFET.
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voltage at an applied V Selecting V at 5.0V places tne

DS*
MESFET in the saturation region.

DS

&y = 8Ip/aVag = (Inp=Ipy)/Vog Vg ) (13)
e 1l |v__=4.0v
ps '
From Figure 13, at VDS = 4,0V, ID2 = 12.2 mA at VGS2 = 0.0V
and T = 10.0 mA at V = -1.0V. Applying these parameters
D1 GSl

to 13, By = 2.2 millimho (mmho) (Ref 12:86).
Operation in the linear repgion can be determined using 1

the 1nverse of the slope (Ref 15:163 and Ref 11:316).

R, = AVpg/aTy = (Vpg =Vpg )/ (I =Ip ) (1)
2 1 2 1 v
GS
Values of RO as well as other DC paremeters for gm, ID’ VD’
VGS’ VDS’IDSS and Rd are listed in Table XVII, Appendix K, Ro

d= .cts the ohmic linear region of the MESFET prior to saturation

for a given applied VGS' Using this equation, ID can be

solved for different values of applied VDS (at a VGS) in thre
linear region as ID approaches saturation.

At saturation, ID remains constant while VDS is varied.

The slope of the saturated region (at a given V is the

GS)
inverse of the output resistance, RS (Ref 11:162), where

Rs = (vDS -VDSl)/(ID -1, ) (15)

2 2 1
VGS

RS 1s usually larger than RO. Values of Rs for each VGS

from Figure 13 are listed in Table XVII, Appendix K.
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The pinchoff
about -8.0V. Th
value of Vp at -

Operation in
by expressing ID
data from Figure

data would be to

voltage, Vp, according to Figure 13, is

is value 1s quite large compared to Liechti's
2.5V,

the saturated current region can be depicted
as a function of VDS and VGS
13.

A simple approach to modeling the measured

using the measured

begin by applying Kirchoff's voltage law to the

modified model of Figure 12. Applying a voltage V and using

DS

I. can be calculated from

conventional current directions, D

the following analysis:

VDS = RdID + RS(ID-ngGS) + ROID (16)

Vs = (Ry + R, + Ry )1, -Rg (g VGA) (17)
Therefore,

ID = (VDS + R <& GS)/(Rd+Rs+Ro) (18)

Equation (18) is intended for use in the saturated current

region. ID here is represented by the characteristic equation

Iy = Ipgg(1-Vg /V )2 (19)
According to (I =p VGS)

g V., = (1- Vas/V )2 (20)

m GS DSS p
Substituting (20) into (18),

+R +
I, (VDS+IDSSR (1-v, /v ) )/ (Ry+R 4R ) (21)
L6




Figure 13. Manually Tested SOURCE FOLLOWER Charac-
teristics.
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} Fguavion (F1) is a funection of Vo and V., and 1o aoplicob.
Lo (2.) -t
oty I the saturnted st rorsion o Fioare 135, Curves

obtaincd tor IW Vo, \})‘ with V.. a5 o parawcter using the
i L [ NS
parametors Crons Tonloo T oo daeplied to (21) are also shown
in Figure b, i iincar rosion of the curves (at a given V,..)

L)

is determined Trom
R = AVDS/Alm (22)

It can be seen in Pigures 14 and 15 that the culculated
modcl data in comparison to the measured data differ by =zo

much as 0.4mA in the saturatcd current regcicon., Furihor

[0

ey

observation of the ficures azs well as referernce to Table VT
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Appendix K, indicate an approximatc ceorrelaticn ol Lhe modcel

to the actual measure.d cnaracterictics of
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By referring to Figure 2(a), it can be seccn thal the NAD/
NOR circuit under study includes both single and dual fate
MESFETs,  The dual gate MESWET is identical to the single
gate MESPET except that it has two gate clectrodes between

the source and drain contacts with both gates modulating

O

-

the drain current. The dual gate Is capable of switching

15-25% less current at V.. = 0.0v than the sinrle gatoe when
GS b

the gate potentiais are maintainea at levels typical for loric
circuit operation (Ref 4:6). The advantares of the dual gote

over the single gate MESVET cre (1) increased functional

capability due to the presecnce of two independent control

-~

gates, such as gain control and sipgnal mixing, and (2) '
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reduced feedbacx resulting in an improvement in power gain
and stability (Ref 20:580).

The Dual Gate Model., The dual pate device can be visualized

as two separate single gate MESFETs connected in cascade as

shown in Figure 16 (Ref 8:462). The output current of ME3SFET

1’

flows directly intc the channel of MESFET If the potential

5
between the two gates, VDS » 1s greater than the threshold
1
voltage for current saturation, V , then MESFET, acts

DS(SAT) 1

as an ideal current source. The gate bias, VGS , applied
2

at the second gate, controls the drain voltage VDS of the
1

first transistor. To allow MESFET, to carry the DC current

2
from MESFETl, VDS adjusts to establish the proper gate-to-

source bias VGs -V No DC current flows into the second
2 1

gate as long as VGSZ

the drain voltage and the first gate bias is less than or

(positive) remains about 0.5v below

equal to zero (V 0).

<
GSl—

In a paper by Furutsuka (Ref 20:580), the operation and
characteristics of the dual gate MESFET were treated by
combining the analyzed characteristics of two single gate
MESFETs operated under the same drain current. His study
also included high-frequency nolse behavior analyzed on the
basis of Statz's model (Ref 29:559). Statz's model is an
equivalent circuit model for the MESFET and includes the noisy
parasitic elements inherent in the MESFET. Stalz's model is
basically similar to Liechti's (Ref 6:289) except with the

addition of noise generators. Using Statz's model, Furutsuka
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Figure 16. Dual-Gate MESFET Modeled as Two Single-Gate MESFET's Connected in
Cascade (Ref 8:461).
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Figure 17. Modified Dual-Gate MESFET Model (Ref 8:462).
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calculated the draln current ID and the channel lengths of the

carrier velocity unsaturated and saturated regionzs of both

S

MESFETs of the dual gate as a function of the gate biuc

VGsl and VGS2‘ They were also calculated as a function

; of the gate bias VGSl and VGSZ’ and VDS' Thece charucterisztizs
i were ‘obtained by adjusting ID to be the camc turout, Ilf?&;l
and MESFET, with the voltage drops acrocs the twos MNE0P00

2

the source and drain resistances summed to cqual V. ...

Lo

laal

An equivalent circuit of the dual gate MESSET,
by Furutsuka (Ref 20:581), is a combination of two oin. oo -
MESFET models developed by Statz (Ref 29:559) complet. wish
parasitic elements and noilse generators. Since the D7
parameters of the dual gate MESFET are cf primary imrorionco
in this study, the parasitic elements and noise generators,
Since the DC parameters of the dual gate MESFET are of prinary
importance in this study, the parasitic elements and noise
generators are shown removed, for the parasitic elements of
the single gate MESFET, in Figure 17.
Summary

In this chapter, single and dual gate models were proposed
and studied. A search of the available literature was
conducted to study the single and dual gate models. The
slngle gate model was correlated with actual measured char-
acteristics. Procedures developed to test the devices of Figure

1(a) will be presented in Chapter IV.
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" IV. AUTOMATED DC PARAMETER TESTING PROCEDURE DEVELOPMWNT

In the automated testing of the devices 1n Figures 1 and
2, several fundamental considerations had to be established before
developing the automated test program. Additionally, it was
necessary to understand the test language and how it could be
used to test devices that had never before been tested on this
system. It was also required that an ability to validate the
test results be available.

The purpose of this chapter is to present the conditions
and requirements established prior to testing and the approach
and techniquec (basic testing and programming) used in the
attempt to validate results obtained through automated testing.
Experimental results will be presented and compared to actual
results in an attempt to validate the developed programs.
Problems experienced in the testing will be presented as well
as the attempted approach to resolving them.

Test Considerations

Before attempting to automatically test the circuilt in
Figure 1, facility with the Singer tester's Zlucidate software
was required. A U-bit accumulator fabricated at AFWAL/AADE
was tested on the Singer as an exercise 1n obtaining an overall
understanding of the Elucidate software as well as the system's
hardware. Conclusions drawn from this exercise are prcsented
in Appendix J. The conclusions obtained from this testing
effort were used to determine the capabilities and limitations
of the system. 1In addition, an understanding of the methods

used to test the devices in Figures 1 and 2 manually was
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required before any automated testing was conducted. This is
documented in Appendix A. Conclusions drawn from this section
were used to develop programs to automate the manual process.
In order to automatically test devices at the wafer level,
it was necessary to develop a means to interface the Singer
with the devices on the wafer. A special probe card was
developed to provide the necessary interface capability.
Further discussion on the probe card is found in Appendix G.

Test and Programming Technigues

The DC parameters for the various devices within the GaAs
gate circuit which required testing are shown in Tables III
and IV. These basic parameters are characteristic of
any equivalent FET, diode or resistor 1in discrete form.

An organizational flowchart of the proposed program to
test the devices is shown in Figure 18. A top-down approach
was stressed in order to reduce overall complexity and redundancy.
The design of the overall program was to emphasize a well
organized approach to test the devices. Accordingly, the
program was organized in device by device sections. The DC
parameters of each of the devices on a chip were to be tested
separately before the next chip was placed under the probe
card for continued automated testing. The details of the
Singer system which influence the execution of thils scheme
are discussed in Appendix B. 1In addition, further details
and procedures to automate the chip by chip testing of the

NAND/NOR circuilt are included in Appendix H.
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Figure 18.

MESFET Program Orqganizational Flowchart.
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’
Computational and comparicon subroutincs, RO, E3, LIMITS,
VP, GM, and BV were included as such since they are common to

$ all of the devices to be tested. FRoutines IDSS and VDS

(not shown in Figures 18) were included in cach device section.
They require simple measurements and do not requirce as many

lines of code as did the other DC parameters. 7To avoid confusion,
physical parameters will henceforth be referred to by their
variable names in the test software, e.g., IDSS instead cf IDSS'
System Prenaration ]

Prior to implementing the DC paramecter measurement program,
MESFET, matrlix pin numbers and power supplies had to be
determined. A map of the pin numbers for each device in '
Figures 1 and 2 was determined during construction of the
probe card. The probe card was used to interfacc¢ the matrix
system of the Singer tester with the devices at the wafer
level. The pin assignments for each device are chown in

Table XII, Appendix G, with Figure 1 drawn again with

pin number assignments in Figure 19. The available power
supplies to choose from are degscribed in Appendix B. VS,
VE2, and V35 were cheosen dus to thelr churacteristices and
availablility. The V81 and VS2 power supplies were chosen o
apply VG3 voltages. VSSH was chosen for its capability to
measure currents after it was connected to a device. VSL wuoo
set to a particular VIS and wac then capuable of measuring

currents when the READ VES ceommnnd wag cxcculed. A further

discussion of the Elucidate softwarc ic found in Aprendixz C. :
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MESFET Program Layout

In the following sections, the device sections and sub-
routines are explained in the following sequence:

1. Parameters to be tested.

. Calculations and comparisons involved (subrcutines only).

2

3. Algorithm (Device and VP only].
4, Flowchart.

The order of presentation will be similar to the order in the

organizational flowchart, Figure 18.

Source Follower (SF) DC Parameter Measurement. According

to Table III, the DC parameters to be tested for the Source
Follower (SFl were VDS, IDSS, RO, RS, VP, GM, and BV. 1In

order to measure IDSS, VP, and BV, it was necessary to

initialize VDS so that the device was operating in the saturation

region. From observation ¢f the SF I~V curves in Figure 51,
Appendix A, obtained through manual testing, VDS was set
at 5.0V. This initial voltage setting was used throughout
the automated testing program for measuring IDSS, and later VP.
An algorithm used to describe the testing of SF will now
be described:
1. Condition Singer test system (See Appendix B) for

testing using V35=VDS, VGS=0, and the following pi- ¢ ections.

PIN 47 = DRAIN
PIN 46 = GATE
PIN 45 = SOURCE

At VGS = 0, the gate 1s shorted to GND.

2. CONNECT the voltmeter between drain and source.
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BEGIN
SOURCE-FOLLOWER
DC PARAMETER

A 4

RESET
ENABLE VS1; VS5
CLOSE GND;VS1;vs5

CON GND 45, 46

VS5 47

CALL
TRANSCONDUCTANCE
(GM) SUBROUTINE

v

REMOVE
VST AND VOLT-
METER FROM
GATE

v

GND GATE
CONNECT VOLT-
METER AT
DRAIN

,

CALL
BV
SUBROUTINC

MEASUREMENT
]
| .
PIN 47 = DRAIN CALL
PIN 46 = GATE RO AND RS
PIN 45 = SOURCE SUBROUTINE
RESET
ENABLE VS1:VS5 CALL
CLOSE GND:VS13VS5 LIMITS
CON GND 45:46
yot a7 SUBROUTINE
CONNECT [
S REMOVE
AND GND FROM
VMiléS GATE
SET REMOVE
VS5 = 5.0V VOLTMETER FROM
20.0MA DRAIN
MEASURE VDS CONNECT
VS5 AND
(READ VMH 4) VOLTMETER TO
GATE
MEASURE 1DSS CALL
- (READ VS5 4) VP
| SUBROUTINE

'

END
SOURCE-FOLLOWER
DC PARAMLTER
MEASUREMENT

Figure 20. SOURCE FOLLOWER (SF) DC Parameter Measurement Flowchart.
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3. SET VS5 at 5.0V at a clamp of 20.0mA.
4, READ the voltmeter and RPINT reading: VDS at 5.0V,
5. READ VS85: 1ID3S at VDS = 5.0V.
6. Eguate IDSS to variables for use later in the LIMITS
subroutine.
7. PRINT IDSS.
8. Call RO and RS subroutine. 3
9. Call LIMITS subroutine.
10. Remove GND from gate (Pin U46) and the voltmeter from
the drain (Pin U7).
11. CONNECT VSl and the voltmeter to the gate.
12. Call PINCH-OFF VOLTAGE (VP) subroutine.
13. RESET and condition system.
14, Call TRANSCONDUCTANCE (GM) Subroutine.

15. Remove VS1 and voltmeter from gate.

16. GND gate and CONNECT voltemter at drain to measure

BREAKDCWN VOLTAGE (BV) subroutine.

17. Call BV subroutine.

18. End SF DC parameter measurement.

A flowchart for the Source Follower DC paramcter measurement
is shown in Figure éO.

CURRENT SOURCE (CS) DC Parameter Meacurements. The DC

parameters, algorithm and flowchart (Figure 21) for the Current
Source DC parameter measurement are the same as for the

Source Follower except for the different pin connectilons.
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BEGIN
CURRENT SOURCE
DC PARAMETER
MEASUREMENT

PIN 43 = DRAIN CONNECT ;
MEASUREMENT 1DSS VS AND ’
PIN 41 = GATE (READ VS5 4) VOLTMETER TO :
PIN 42 = SQURCE GATE g
| I |
i
1 l i
CONDITION CALL CALL §
TEST RO AND RS vp :
SYSTEM SUBROi[INE QUBRU%IINE__ i
: . | }
CONNECT CALL CONDITION GND GATE
VMH 43 CONNECT
| AND LIMITS TEST VOLTMETER
VML 42 SUBROUTINE SYSTEM T0
DRAIN
] ! i -
SET REMOVE CALL e .
.
VS5 = 5.0V, GND FROM TRANsc?gggCTANCE i CALL
20.0 MA GATE SUBROUTINE | BV
l l l - SUBROUTINE
o
MEASURE VDS REMOVE REMOVE D
VOLTMETER FROM VST AND VOLT- i} cyppenT
(READ VMH 4) METER FROM CoURCE
DRAIN | GATE MEASUREMENT

Figure 21. CURRENT SQURCE (CS) DC Parameter Measurement Flowchart.
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The pin connections for the current scurce are the following:

PIN 43 = DRAIN
PIN 41 = GATE
PIN 42 = SOURCE

To conditlion the test system for testing the CURRENT EOURCE,
the following commands must be used:

RESET

ENABLE VS1;VS5

CLOSE GNDj; VS1;Vs5

CON GND 42;41;vs5 43

ACTIVE LOAD {AL)

DC Parameter Measuremwent. As shown in Table III, the

DC parameters to be tested for the ACTIVE LCAD were VDS, IDSS,
RO,RS, and BV. VDS was initialized at £.0V so that the device
was operating in the saturation regicn in order to measure
IDSS. The gate and source of the Active Load are physically
connected within the circuit.

An algorithm used to describe the testing of the ACTIVE
LCAD will now be described.

1. Condition Singer system for testing using the

following pin connections:

PIN 33 = DRAIU
PIN 44 = SOURCE
RESET

ENABLE VS5

CLOSE GND; V35

CON GND 44y vs5 33
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BEGIN
ACTIVE LOAD (AL)
DC PARAMETER
MEASUREMENT

!

PIN 33

DRAI

PIN 44

N

SOURCE

CONDITION
TEST
SYSTEM

CONNECT
VMH 33; VML 44

SET
VS5 = 5.0V,
20.0 MA

.

—

READ VMH

(vDS)

l

READ VSH

IDSS

L

CALL
RO AND RS
SUBROUTINE

END
ACTIVE LOAD
OC PARANETER
MEASUREMENT

CALL
BV
SUBROUTINE

Figure 22.

ACTIVE LOAD (AL) DC Parame-er Measurement Flowchart.
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2. CONNECT the voltmeter between drain and source.

SET V35 at 5.0V at a clamp of 20.0MA,.

4. READ the voltmeter and print reading: VD3 at 5.0V
5. READ VS% and print reading: 1IDSS

6. Call RO and RS subroutine

7. Call BV subroutine

8. End Active Load DC parameter measurement

The flowchart for the Active Load DC parameter measurement

isshown in Figure 22.

LINEAR ON-RESISTANCE (R0Q) and SATURATION RESTSTANCE (RS)

Measurement Subroutine. The parameter to be tested in this

subroutine are the linear on-resistance (R0O) and the saturation
resistance (RS) of the MESFET channel at VGS = 0. The calculation

involved in the subroutine are:

_ VDS2-vDs1 - -

RO = tp>—7py —» VDS2=2.0V,VDS1l = 1.0V (23)
_ VDS2-VDS1 naoe -

RS - W, \[DS2—7-OV, VDSl—u.OV (2}4)

where ID1, 2 are drain currents measured at VDS1,2.
The voltage settings used in measuring RC place the
MESFET in the linear region of the I-V curve, whereas the

settings used in measuring RS place the MESFET in the saturation

region. Figure 23 graphically depicts the points to bo measured.
No comparisons are made in this subroutine-only straichtforward
calculations are involved. The flowchart for the RC and RS
suibroutine is shown in Figure 24. Prior to entering the
subroutine, the gate must be shorted to the source, VS5

connected to the drain, and the source grounded.
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8-
VGS(V)
7 - c D -
B ~ 0.0
1DSS
6 J
5 | A g — -0.5
i
i
=z 4]
< — -1.0
{ e
31
-1.5
2-
_uf -2.0
R -2.25
1 - g F
// G -2.50
s
= e m - -2.75
/l ] ] L] T T L ) L “‘
1 2 3 4 5 6 7 8 9 10 MmN |
vso(v) g
A=(VSD1(RO)=1.0V,ID1(R0)) E=1D=1.5% of IDSS !
B=(VDs2(R0)=2.0V,ID2(R0O)) F=ID=1.0% of IDSS ’
C=(vDST(RS)=4.0V,ID1(RS)) 6=ID=0.5% of 1DSS
D=(VDS2(RS)=7.0V,ID2(RS))

) Figure 23. Graphical Method Implemented on the Singer to Determine RO,
RS, and VP.
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BEGIN 1
RO AND RS . !
SUBROUTINE
(VGS=0)
I
* W L 4
DETERMINE i
LINEAR ON-RESIS- A= SET
TANCE (RO) V0S2-VDS ] VS5-VDS1=4.0V,
‘L 20.0 MA
SET B= READ VMH
VS5=VDS2=2.0V,
20.0 MA ID2 - 1D1 (VDS1)
READ VI READ VS5
(VDs2) RO = A/8 (101) !
READ VS5 DETERMINE c=
(1D2) SATURATION VDS2 - VDSI
RESISTANCE (RS)
SET SET N,
VS5-vDS1=1.0V, VS5=VDS2=7.0V,
20.0 MA 20.0 MA 102 - 101
READ VMH READ VMH
(VDS1) (VDS2) RS = C/D
READ VS5 READ VS5
(101) (102) RETURN
— I

Figure 24. LINEAR ON-RESISTANCE (RO) and SATURATION RESISTANCE (RS) Measurement Sub-
routine Flowchart.
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LIMITS Subroutine. The LIMITZ subroutine was necessary

in order to provide a current limit for the VP subroutine to
use as a method to determine whether VP could be reached or
not. In order to discuss the LIMITS subroutine, 1t 1s necessary
to present the underlying rationale for its need. In the FET
theory presented in Chapter II, it was pointed out that an
accepted method to determine VP is to obtain ID = 1% of IDSS.
The VGS voltage obtained at this ID is considered to be the
pinch-off voltage, VP. In conceptualizing the method to

obtain VP using the Singer tester, it was assumed that the
possibility exists that a value of VP may never be reached
which yields ID = 1% of IDSS, i.e., the channel may fail to
pinch off due to shunt leakage or other effects. Using the

1% of IDSS method 1is a simple way to determine VP using a curve
tracer photographs. However,the method is not a very practical
one to determine VP when that value may be unknown when testing
a quantity of MESFETs with no curve tracer photograph available
to observe each time a test is made. Using a curve tracer

each time a test was made would defeat the purpose of automated
testing. Additionally, a curve tracer and the Singer tester
could not be connected at the same time. Therefore, another
method was considered (and eventually implemented) to determine

VP.
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The method used to determine VP was to expand the 1% cof
IDSS method to a 1limit. If VGS was stepped from 0.0V onward
with ID measured at each step of VGS, and if ID fell within
the prescribed 1limit, VP would have been reached. An original
limit of (0.50% of IDSS) < ID < (1.5% of IDSS) was used,
however, this was later expanded due to the decreased accuracy
of the Singer caused by a problem with the current measuring
equipment. This problem and a simple approach to resolve it
will be presented in the results section of this chapter.

The 1limit technique and results will also be presented then.

Another 1limit used/fo determine whether VP could be reached
or not was that of a maximum allowable VGS. This value of
VGS would be determined by obtaining values of VP from testing
several MESFETs. A typical value of VP obtained through
manually testing MESFET devices was -10.0V. This value 1is
obviously higher than the typical -2.5V for VP obtained in
Leichti's work (Ref 4:4). The VGS limit, however, can be
easily changed in the MESFET program to accomodate any 1limit.

The approach taken in developing the very simple LIMITS
subroutine was to obtain the value of IDSS measured in each
device section, multiply IDSS by lower and upper 1limit percentages
and print the limits. In addition, the voltage limits were set
up as comments only and used in the VP subroutine to be discucced
later. The LIMITS flowchart is shown in Figure 25. The
variables ZQ (upper limit), and ZR (lower limit), werc set
equal to IDSS in the device section before the LIMITS subroutine

was entered.
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BEGIN
LIMITS
SUBROUTINE

MULTIPLY
1DSS

BY UPPER LIMIT

FACTOR

MULTIPLY
1DSS

BY LOWER LIMIT

FACTOR

INDICATE
VOLTAGE (VGS)
LIMITS

'

END
LIMITS
SUBROUTINE

-

Figure 25.

LIMITS Subroutine Flowchart.
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Pinch-0ff Voltage (VP) Subroutine. The pinch~off voltage

(VP) subroutine was the most difficult to develop. Whereas
the RO, RS, LIMITS, and GM subroutines involved calculations,
VP involved a series of comparisons to reach a value of
pinch-off. The VP subroutine can be found in Figure 26.
The objective of the VP subroutine was to determine the
pinch-off voltage of the MESFET using the current limit set
up in the LIMITS subroutine. The discussion of the LIMITS
subroutine pointed out that the ID=1% of IDSS rule for VP
may not work since the Singer may not measurc ID accurately at
that value. VGS would then continue stepping beyond that value
of ID. Therefore, 1t became necessary to set up a limit.
Referring to Figure 23, it can be seen that limits of
0.5% and 1.5% of IDSS may be an approach to set up the required
limit. With VGS stepped negatively and ID measured each time,
ID may eventually reach a value within the required 1imit if
the MESFET ever reaches pinch-off at all. (Obtaining currents
at tﬁese low values required the high accuracy of the measuring
system of the Singer tester). If the MESFET does not pinch-off,
a method is required within the VP subroutine to 1limit the VGS
voltage. This limit can be determined by obtaining maximum
values of VGS for several devices. The bacic idea is to determinc
1f VGS falls within the prescribed VGS 1limit. If it does,
ID at that wvalue of VG3 would then be subjected to the current
limit. If ID falls within the 1limit, VP is taken at the
appropriate value of VGS. If ID does not fall within the prescribed
limit, VGS is then incremented by some small voltarc only 17

VGS falls within the VGS limlt., A VGS outside this limit

—— s e
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BEGIN
PINCH-OFF
VOLTAGE (VP)
SUBROUT INE
‘L |
INITIALIZE
VSl = VGS
— o
READ VP {
vss = 1D NOT FOUND
READ ? PRINT !
VMH = VGS ves = f
'1p=" 3
PRINT
S Hyp=
'[D="
(:» RETURN <:)
INCREMENT LQWER LIMIT
VS1 = VGS BY .
SPECIFIED VOLTAGE MEASURED 1D VES
UPPER LIMIT
?

Figure 26. PINCH-OFF VOLTAGE (VP) Measurement Subroutine Flowchart.
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would simply indicate that the device would never pinch-off

and the subroutine would return to the main program,

Before entering the VP subroutine, items listed below

must be accomplished:

for

1.
2.
3.
b,

5.

An

Determine IDSS.

Determine 1limits in LIMITS subroutine.

Connect VS5 to drain of MESFET.

Connect V31 between gate and source of MESFET.
Determine initial VGS and incremental or step value
of VGS.

algorithm and flowchart (important information only)

the VP subroutine follow:

1.
2.
3.
b,
5

8.
9.
10.

11.

Initialize VSl to an initial value of VGS.

Measure ID, .

Measure VGS.

Does VGS fall within a 1limit of, say, 0.0 and 5.0 volts?
If so, VP may not have been reached yet-therefore

go to 19. If not, VGS exceeds the limit and VP cannot
be reached-therefore go to 11.

Does the measured ID meet the conditions as specified
in the LIMITS subroutine?

If so, VP has been reached~therefore go to 15.

If not, VP has not been reached yet-therefore continue.
Print 'VGS=1.

Print 'LOWER LIMIT < MEASURED ID < UPPER LIMIT?

Go to 19: Continue incrementing VGS.

Print 'VP CANNOT BE REACHED'.
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12. Print 'VG3=',

13. Print 'ID="'.
14. Go to 18: Return to main program.

1

15. Print 'PINCH-OFF VOLTAGE (VP)

16. Print 'PINCH-OFF VOLTAGE (VF)

17. Print 'ID = ',

18. Return to main program.

19. Increment VGS by a small voltage.

20. Go to 2 and repeat process until VP can or cannot
be determined.

Transconductance (GM) Subroutine

The TRANSCONDUCTANCE (GM) subroutine determines the basic
gain conductance or GM of the MESFET. VDS = 5.0V will place
the MESFET in the saturation region with VS1 initially set
to 0.0V. Prior to entering the subroutine, the system is reset
and then further conditioned In each device section. A
discussion of the subroutine can be described in the
TRANSCONDUCTANCE (GM) flowchart in Figure 28. GM results
are found in the results section of this chapter.

The TRANSCONDUCTANCE (GM) will determine GM on the Singer

performing the following calculations using Figure 27 as a

reference:
GM1 = (ID4-ID3)/(VGSH-VG33 ( 25)
GM2 = (ID3-ID2)/(VGS3-Vas2) (26) |
GM3 = (ID2-ID1)/(VGS2-VGS1) (27) ‘
GM = (GM1+GM2+GM3)/ 3.0 (28)
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A -0.5
=
£ 34
o
= -0.75
2 1 C
-1.0
1
) -1.25
' —— -1.5
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VDS(V)
A=(VGS4=0.0v,104) C=(VGS2=-1.0V,1D2)
B=(VGS3=-0.5V,ID3) D=(VGS1=-1.5v,ID1)
Figure 27. [Illustration of Points to be used to Determine TRANSCONDUCTANCE

(GM) Using the Singer Tester.




BEGIN
aM
SUBROUT INE
| ——___ —
SET READ READ RTAD
* VS5 = 5.0V, VMH VMM VMH
20.0 MA (¥653) (VG52) (VGS1)
[~
SET
VS1 = vGsa, 104-1D3 1D3-1D2 102-1D1
D .0V, 20.0MA
READ
VS5 VGS4-VGS3 VGS3-VGS2 VGS2-VCST
(1D4)
READ [ CALCULATE CALCULATE CALCULATE
VMH
(V6S4) GM1 M2 L M3
SET SET SET
VST = VGS3- VST = VGS2= VS5 = VGSt= GMY 4+ GM2 +
-0.5V -1.0Y,20. OMA ~1.5V,20.OMA B GM3
— 4 —-
READ READ [ reAD | AVERAGE
AND
vss vs5 VS5 orimn
(1D3) (1D2) (1D1) (MILLIMHOS)
( RETURN )

Figure 28. TRANSCONDUCTANCE (GM) Measurement Subroutine Flowchart.
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BREAKDOWN VOLTAGE ( BV) Subroutine. The BREAKDOWN VOLTAGE (DV)

subroutinc was developed to determine the breakdown voltare
(BV) of a MESFET at VGS=0.0V. A practical approach (which
is highly dependent on the current measuring accuracy of the
Singer) is to determine BV based on a major change in the slope
in the saturation region. A visual description as shown in
Figure 29 will aid in the discussion of the BV subroutine
flowchart, as well as an algorithm as shown below.
a. Connect VS5 and voltmeter across dralin and source of
MESFET.
b. Ground gate unless MESFET is the ACTIVE LOAD. BREAX~
DOWN VOLTAGE (BV) Algorithm:
1. Initialize VS5 = VDSl at 5.0V; & = 0.5; & = 2.0
2. Measure ID1 (n=1).
3. Measure VDS1 = 5.0V,
4, Increment VS5 by 1.0V (VS5 = VDS2 = 6,QV)
5. Measure ID2 (n=2).
6. Measure VDS2.
7. Slope(1)=(VDS2-VDS1)/{ID2-ID1)=:Store Slope(l) at n=2.
8. Increment VS5 by 1.0V (VS5 = VDS3. = 7.0V)
9. Measure ID3 (n=3).
10. Measure VD33 = 7.0V
11. Slope (2) = (VDS3-VDS2)/(ID2-IDl1) : Store Slope
(2) at n=3.
12. 1Is Slope (2) greater than Slope (1) by more than
1000 .0? 1If so, BV = VD33 = 7.0V. T1If not, continue

13. Increment VS5 by 1.0V. (V35 = VDS = 8.0V)
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BEGIN
BY
SUBROUTINE
{7 |
SET VS5=5.0V
IV = 0.5
IF = 2.0 4
l % VS5 = VS5 + 1.0V
(n-1) (n=n#1)
READ VS5:1D (1) "
READ VMH:vDS (1) NO

H AVDS = VDS2 - VDS
ZJ = READ VS5

(n=2)
VS5 = VS5 + 1.0V
(n=n+1)
y
AID = ID2 -~ ID1
: _ L1=7B=2ZA=READ V!MH
(n=2)
ZK=READ VS5:1D(n+1) l
IM = AVDS/AID
(n=2) AVDS=Z1=Z1=ZF
ZE=READ VMH:VDS(n+1)
8B = 7E
ZF = 0.5 AID = 79 =10 -IK

\. &
L

Figure 30. Breakdown Voltage (BV) Measurement Subroutine.
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AVDS = ZA = ZA - ZE

AID = 29 = ZJ - IK

ZA = AVDS/AID

0.0<ZA<1000.00

21 = AVDS/.ID

1 = 71 - IM

—

1B = BV
PRINT BV
RETURN
Figure 30. Continued.
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14. Measure ID4 (n=4),
15. Measure VDS) = 8,0V.
16. Slope (3) = (VDS4-VDS3)/(ID4-ID3): Store Slope (3)

at n=4,

17. 1Is slope (3) greater than slope (2) by more than
1000.0? If so, BV=VDS4 = 8.0V. 1If not, continue.

18. Increment VS5 by 1.0V (VS5 = VDS5 = 9.0V).

19. Measure ID5 (n=5).
20. Measure VDS5 = 9.0V),
21. Slope (4) = (VDS5-VDS4)/(ID5-1ID4): Store Slope (U4)
at n=5.
22. Is Slope (i) greater than Slope (3) by more than
1000.0? If so, BV = VDS5 = 3.0V. 1If not, continue.
23. Increment VS5 by 1.0V (VS5 = VDS6 = 10.0V).
24, Measure ID6 (n=6).
25. Measure VDS6 = 10.0V.
26. Slope (5) = (VDS6-VDS5)/(ID6-ID5): store Slope (6)
at n=4,
27. Is Slope (5) greater than slope (4) by 1000.07?
If so, BV = VDS6 = 10.0V. 1If not, continue.
It seems, a priori, that the BV subroutine in theory is a
valid approach to determine the breakdown voltage of a MESFET

on the Singer.
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SINGLE GATE and DUAL GATE DC Parameter Measurement. The DC

parameters to be tested in the SINGLE GATE and DUAL GATE
(Figure 1) device sections are VDS, I1DSS, RO, RS, VP, GM, and
BV. 1In order to test the devices separately, one of them
must be pinched-off before the other can be tested. At pinch-
off device ideally represents an open circuit. Therefore, a
VP must be assumed for one of the devices. A simplified
algorithm 1s shown below:

1. Assume VP = -3,0V for DUAL GATE.

2. Pinch-off SINGLE GATE using VP program,

3. Remove -3.0V from DUAL GATE.

4., Test DUAL GATE DC parameters,

5. Keep DUAL GATE at VP and remove VP from SINGLE GATE,

6. Test SINGLE GATE DC Parameters.
In the above algorithm, the DUAL GATE is set at an assumed VP
of -3,0V and is considered to be an open circult as indicated
above. VP for the SINGLE GATE is then determined. Pinch-off
at an assumed -3.0V is then removed from the DUAL GATE. The
DC parameters for the DUAL GATE are then tested. Afterward,
the DUAL GATE is kept at VP and then VP is removed from the
SINGLE GATE. The SINGLE GATE's DC parameters are then tested
(except VP). Figure 31 is the flowchart for the SINGLE GATE

and DUAL GATE DC Parameter measurement and is self-explanatory.

The main problem that may be encountered in testing the two

gates 1s that the assumed VP for the DUAL GATE may not be
correct. VP may actually be higher or lower than -3.0V. No
special provision has been developed to reset VP if a higher

value turns out to be needed. It may be necessary to study
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BEGIN
SINGLE GATE (A)
DUAL GATE (B AND C)
DC PARAMETER

CON VMH 44; VML 3€

MEASUREMENT
1 1 =
PIN 34 = INPUT B(DGB) CALL CONNECT
PIN 35 = INPUT C(DGC) VS2 T0 SGA
PIN 36 = GND (SOURCE) LIMITS AND
PIN 37 = INPUT A(SGA) SET VSZ2=VP, 20.0 MA
PIN 44 = DRAIN SUBROUTINE (OBTAINED FROM VP SUB.)
‘ ] |
RESET DIS GND FROM GATE CONNECT
ENA VST;VS2,;VS5 OF SGA; GND AT DGB
CLOSE GND;VS1;VS2;VSS DIS VMH FROM DRAIN DISCONNECT
CON GND 36; 37;VS2 34; CON VMH TO GATE OF SGA VMH FROM SGA
35; VS5 44 AND

CONNECT TO DRAIN

i

4

APPLY 5.0V to DRAIN: | CONNECT
SET VS5=5.0V,20.0MA VST YO GATE READ VS5 (IDSS)
ASSUME VP=-3.0V for DGB OF
and DGC: SGA (DUAL GATE B)
SET V$2=-3.0V,20.0MA |
READ VMH (VDS) CALL IDSS=1D5S * 1000.0 (MA)
5 (IDS PINCH-OFF VOLTAGE (VP)
READNVS ( TES) SUBROUTINE ZQ = I1DSS
LY
(SINGLE GATE) (PINCH-OFF SGA) ZR = 1DSS
1DSS=1DSS*1000.0(HMA) DISCONNECT CALL
7Q = 1IDSS VS2 FROM DGB AND RO AND RS
ZR = IDSS DGC;VS1  FROM SUBROUTINE
DGA (VGS=0)
} [:::]
[

Figure 31,
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CALL
‘ LIMITS
! SUBROUTINE
P — 3 K
DISCONNECT CONNECT CALL
GND FROM DGB GND AT DGB RO AND RS
CONNECT AND SUBROUTINE
Vsl TO DGB (34) VMH AT DRAIN (VGS=0)
DISCONNECT . CALL CALL
VMH FROM DRAIN BREAKDOWN VOLTAGE (BV) LIMITS
CONNECT SUBROUTINE (DGB) SUBROUTINE
VMH TO DGB (VGS=0) (DGC)
¢ 4 ]
CALL DISCONNECT DISCONNECT
PINCH-OFF VOLTAGE (VP) GND FROM DGB GND FROM DGC
SUBROUTINE AND CONNECT CONNECT
(DGB) GND TO DGC VSl TO DGC
CALL READ VS5 (IDSS) DISCONNECT
TRANSCONDUCTANCE (GM) VMH FROM DRAIN
SUBROUTINE (DUAL GATE C) CONNECT
(DGB) VMH TO DGC
DISCONNECT 1DSS=1DSS*1000.0(MA) CALL
VST AND VMH 70 = 10sS PINCH-OFF VOLTAGE (VP)
FROM SUBROUTINE
DGB IR =.1DSS (DGC)

J

Figure 31. Continued.
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CALL

TRANSCONDUCTANCE (GM)

SUBROUTINE
i = ;
DISCONNECT SET DISCONNECT
VS1 AND VMH FROM VS2 AT VP
DGC FOR DGB: VST FROM SGA;
CONNECT GND AT DGC Vs3 AT VP
o . VMH FROM SGA
YMH AT DRAIN
CALL CALL CONNECT
BY RO AND RS
1\
SUBROUTINE SUBROUTINE GND AT SGA
‘ $
RESET
ENA VST :VS2:VS3:VS5 DISCONNECT
CONNECT GND FROM SGA: CONNECT
GND AT SOURCE AND CONNECT
DGA VS AT SGA VMH AT DRAIN
CONNECT
DISCONNECT CALL
V32 AT DGB VMH FROM DRAIN: By
VS5 AT DRAIN CONNECT
VMH AT SGA SUBROUTINE
A
CONNECT CALL i)
WMH AT DRAIN oM SINGLE GATE AND
AND SUBROUTINE DUAL GATE DC
SOURCE

PARAMETER MEASUREMENT

Figure 31. Continued.
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several dual gate devices using the curve tracer to obtain

an idea of what value of VP is needed.

DIODE DC Parameter Measurement. The DIODE device section

was written to measurec the forward threshold voltage (VI) and
reverse threshold voltage (VR) of the three series Schotiky
diodes in Figure 19. An understanding of DIODE can be obtuzined
from Figure 32 which illustrates the basic scheme used to
determine Vi and VR using the Singer. A flowchart for DICDE
and the system connections for determining VF and VR are shcwn

in Figure 33. Since DICDE was not actually tested, the currents

]

indicated in Figure 32 are subject to change alter required
experimentation and analycis with the Singer and a curve sracer
are carried out. DIODE will now be explained.

According to DIODE, VF can be obtained by applyings VS

£

and the voltmeter across the diodes as shown in Ficure 3 (a).
Using conventional diode theory, VF is determined at the point

where current I begins to flow after V is increased to

some value. D3ince I and V are variable freom circuit to circult,
a method to determine VF using; the Singer iIs necessary., A

limit such as 0.5 < I < 1.0 mA was choscn (subject to change)

[

to determine VF. V 1s to be increased by scnme amount until

falls within the set 1limit. When this occurs, tho vilue 0oV V

is taken to be VF. The samc method applies to VR ex:opt the

current 1limit is -1.0 < I < 2.0 mA which is subject o chnnee

after experimentation with the Singer and a curve tracer. The

curve tracer could be used as way to determine the actual !

VR or VF in order to valldate DIODE.
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VR Vot -1.0<T4~2.0He

VFr Vat 0.521¢ 1.0Mq

Figure 32.

IMustration of Current Limits to Determine VF and VR on the
Singer.
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S N e S

BEGIN
DIODL
TEST ,
vF “,.._A_,J )’
{‘~"‘~”’"’““’V'"' VR |
| ¥
- |
PIN 45=ANODL (A) PIN 45=ANODE (A) !
PIN 43=CATHODE(C) PIN 43=CATHODI(C) f
v 3 i
RESET RESET ENABLE VS5
ENABLE VS5 CLOSE GND; VS5
CLOSE GND;VSS CON GND 45:vS4 43 |
CON GND 43;VS5 45 VMH 43 VML 45
SET SET f
VS5 = 1.0V, VS5 = 1.0V, a
20.0 MA f 20.0 MA ; .
— — @
MEASURE APPLIED MEASURE APPLIED | — ‘
VOLTAGE VOLTAGE v = VR
(READ VMH &) (READéfMH 4) AT 1 |
; : } |
MEASURE CURRENT MEASURE CURRENT "
ORAWN BY DIODES DRAWN BY DIODES END
(READ VS5 4} | (READ VS 4) | DIODE TEST
{
!
:
YES|V = VF »
-1.0 MA<I--2.0 MA YES
AT 1 |
|
NO NO
TNCREASE INCREASE
ys5 BY 1.0V vs5 BY 1.0V

L S

Figure 33. DIODE Flowchart to Test VF and VP on the Singer.
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45

23 !
(a)

45

Figure 34. Required Singer Connections to Determine VF and VR. (a)
Forward Threshold Voltage Connection. (b) Reverse Thres-
hold Voltage Connection,
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y

MEASURE
PROBE
RESISTOR

Y

PIN
ASSIGNMENT :
44,38

A

RESET
CONNECT
RMH 44, RML 38

J

READ
RMH 4

PRINT
READING

BEGIN
RESISTANCE
MEASUREMENT
MEASURE
TEST
RESISTOR
PIN
ASSIGNMENT :
44 .48
RESET
CONNECT
RMH 44; RML 48
READ
RMH 4
PRINT
READING
END
RESISTANCE
MEASUREMENT

Figure 35.

TEST and PROBE RESISTOR Measurement Flowchart.
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TEST and PROBE RESISTOR Measurcment. A method to test the

resistance values of the TiEST and PROBX RESTISTOR is precented
in Figure 35. The Singer tester is capable of directly
measuring the resistance of discrete as well as integrated
resistors. The implemented program of the flowchart of Figure
B is presented in the MESFET prcgram, Appendix I.
Summary

The algorithms and flowcharts presented in this chapter
were developed to automatically test the DC parameters of the
devices shown in Figure 19. The considerations made prior to
the development of the actual MESFET program (Appendix I)
were discussed as well as the test and programming techniques

ed

ct

used. In the next chapter, results obtained from the automa
testing of the DC parameters of Figure 19 as weil as the

problems encountered will be presented.
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V. DC PARAMETER MEASUREMENT RESULTS AND ANALYSIS 1

The purpose of this chapter is to present the DC paramecter
results obtained through automated testing of devices of the

NAND/NOR circuit of Figure 17 using the Singer automated tester.

The results were obtalned through application of the algorithms
and flowcharts presented in Chapter IV and then converted to
a coded program as shown in Appendix I.

In order to provide a means to verify the validity of {he
results obtained with the Singer, a Tektronix Model 576 curve
tracer oscilloscope was used. The steps used to perform testing

are presented in Appendix H. Values of I obtained at Vv = 5.0V

D? DS
with VGS as an input voltage, were extrapolated from the curve
tracer photograph. These results will be presented in the form
of transfer characteristic curves for comparison with the
values of Ty at VDS = 5.0V with VGS as an input voltage using
the Singer.

The original strategy in the developmental stage of testing
the MESFETs 1n the MESFET program was to test the devices
developed by AFWAL/AADE. Howevér, since an adequate quality
of working devices was not available and since experimental
testing involved possibly destroying these expensive devices
(at the wafer level, constant probing of the devices was
necessary) a declsion was made to validate the program using
another device. The device chosen was a packaged, n-channel,
commercial silicon JFET whose DC operating characteristics were
similar to those of the MESFET. This devlce was easier to

test (since the JFET was packaged, no probes had to be used),

and had the advantage that obtaining pinch-off was assured.
g2
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This strategy minimized the necescity of constantly probing
and damaging the GaAs chips and reduced the risk that the
probes in the probe card might be bent out of alignment
during initial program development.

After proving the validity of the MESFLET program using the
JFET (results are shown in the following section), tectz were
then conducted using the GaAs MESFET devices at the wafer
level. The results obtained using the JFET will now be
presented.

JFET DC Parame ter Measurement

The Texas Instruments JFET, type ZN3319, was inserted
ooy

directly in the performance board (Figure 57) using the sare

pins as for the SOURCE FOLLCWER. The testing was performed

without the inclusion of the ability to automatically step
across a wafer using the TAC probe. The Singer system
was prepared (Appendix H), a curve tracer photograph of the
I-V curves of the JFET obtained, and finally the SCURCE FOLLOVWER
portion of the MESFET program applied to test the JFET.

The JFET exhibited excellant characteristics as shown in
the curve tracer photograph of its I-V family of curves, Figure -0,
As can be seen, the JFET exhibited excellant linearity in the
ohmic and saturation regions, including the ability tc reach
pinch-off. The DC parameters of the JFET were also tested on
the Singer tester using the MESFET program. The resultc obtained
for both methods are shown in Table V, and Figure 37.

From Table V, it can be seen that ID measurement crrors

seem to increase as VGS is increased negatively (except at
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Figure 36. JFET I-V Characteristics
Table V. JFET DC Parameters
DEVICE: 2N3819 JFET
- METHOD
DC PARAMETER CURVE TRACER SINGER % ERROR
VDS(V) 5.0 4,99 0.2
IDSS(mA) 4.8 4,56 5.15
RO(Ohms) 900 987 7.9
RS(Ohms) 15,000 16,042 6.495
LIMITS VP@1% of IDSS 0.1%<ID<1.1%
VP(V) -1.6 ~1.38 16.2
ID(mA) 0.05 0.045 11.1
 GM 3.07 3.65 15.97
VGS(V) ID{(mA) ID(mA) T Error
0.0 L. 80 .56 5.1%
-0.5 2.40 2.29 4.5
-1.0 1.00 0.75 45
-1.3 0.40 0.045 788
-1.5 0.20 V' e e
-1.6 0.05 | eeee—— | —meea
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-2.0 -1.5 -1.0 -0.5 0.0
T T es() '

Figure 37. JFET Transfer Characteristic.
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IDSS). 1In addition, the VP subroutine determined VP=-1.376V at
ID=0 .0 ¥%5mA. This value of ID is about 0.93% of IDSS, and is
still within the indicated 1limits set up in the LIMITS subroutine.
From the curve tracer measurement, VP=-1.6V at ID = 0.05mA
which is 1.04% of IDSS. As can be seen, VP was reached at

a smaller VGS on the Singer than in the curve tracer data.

The VP results for the JFET, however, prove the concept that

an approximate value of VP can be obtained using the 1limit
method. With improved accuracy of the system, the actual and
experimental values of ID and VP (as well as “GS), will improve
in agreement.

The linear and saturation resistances are shown in the table
with the indicated percentage error including the transconductance
(GM) of the JFET. The techniques used to obtain these parameters
weré discussed in Chapters II and IV.

As pointed out above for values of ID at each VGS voltage

in Table V, ID measurement errors (actual vs. experimental

errors) increased as VGS increased negatively. This problem
become significant as the channel of the MESFET apprroached
pinch-off. Significant problems were later experienced with
the Singer system which deserve attention. These will be
presented In the next section and the method to resolve the
problems will be peocinted out and discussed.

Singer Tester Problems

Te VP subroutine is highly dependent on the current measuring
system in the Singer. A calibration program, CALIB (see
Appendix H), is available on the Singer and yielded the following

results for a current measurement of 1.0 ampere only, using V35:
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Sensitivity Deviation = 0.51%
Zero Offset = 0.13%
Accuracy for this particular supply below 1.0 ampere was not
available and could be assumed to be much worse. However,
after attempting to calibrate VSY4, the possible alternate supply,
it was decided not to use it due to the following characteristics
at 100mA:
Sensitivity Deviation = 100%
Zero Offset = 22.03%
Sensitivity deviation and zero offset were much much worse
at lower values of ID.
The problem in the current measuring capacity was believed
to lie in the automatic ranging amplifier within the Singer.
In the early development of the MESFET program, power supply
VS1l encountered problems. The current ranging circultry

of the supply overloaded and several components were destrocyed.

Tre ranging amplifier obtains output from the supply and auto-
matically assures that each current and voltage reading is taken
at the highest gain setting to assure the most accurate results
(Ref 21). Following the VS1 failure, it was assumed that when

a READ command was encountered, more current beyond the specified

output current was read, and this in fturn reducec the capablility

of the ranging amplifier to produce accurate measurerconts, It

was felt that the problem could bé cured by shippins the amplifier
back to the manufacturer for repair, but this could have taken
weeks, The decislon was made to callbrate V&5 further to provide

more accuracy, but this did not zeem to be sufficient. The VIl
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ranging circuitry was repalred but the accuracy was reduced
significantly. The board was then revlaced entirely, but this
did not solve the current measuring problemn,

Throughout the testing of the JIFET (and later the MESFET)
an attempt was made teo develop a method to resolve the accuracy
problem. The problem could not be removed immediately and given
the urgent need to test MESFET devices, a simple method to
introduce error factors into the prosram was conceived, This
method, however, turned out to be very difficult and eventually
unipredictable when more than one device was tested, The error
factors were determined by obtaining curve tracer vhotogravhs of
a particular MESFET's I-V curves, Later, the same MISFET was
applied to the Singer tester for testing. Values of ID at a2 vzalue
of VGS (in 0.1V steps) were obtalned with VDS=0.5V. " The same
values of VGS (at VDS = 5.0V) were observed on the photoeraph
and the value of ID at that VGS was recorded. The error factor
was obtained by the following:

ERROR FACTOR = Actual ID/Experimental ID (29)
An example and further discussion 1s presented 1n Apnendix L.

NAND/NOR Gate DC Parameter Measurement

The remainder of this chapter will be devoted to {he presenta-
tion of results obtained from tihe testing of the GaAs MESFET
clircuilts of Figure 19, It 1s rcgognized that the data are corrunted
by the current measurement inaccuracy of the Ginger cystem. The
devices tested were the SOURCE FOLLCWER, CURRENT IOURCE, and
ACTIVE LOAD. The DC parameter, BV, was not tested due to the

accuracy of the equipment, The STINGLE GATE, DUAL GATE, and
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DIODE devices also were not tested on the Sincer due to this
problem, The TEST and PRCBE RulISTORS were not tested, but
could be easily tested uslng the simple program presented in
Chapter IV,

An attempt will be made to demonstrate that the MEIFET
program 1s theoretically scund. Thils demonstration was attempted
in the JFET test, and it was hoped that, glven the equipment
problem, tests of the MESFET devlices would also be successful,
The most important and sovhlstlcated parameter to measure was
the pinch-~off voltage of a device, An attempt was made tc reach
this point despite the current measuring error of the Jincer,

With the equilpment problem unresolved, ID measurements made at
each VGS step must be in error and in turn VP will obviously

be in error, A statistical analysls of DC varamecter data cbtalned
from the tests willl not be presented since the validity of the

numerical results 1s questionable,

SOURCE FOLLOWER DC Paramecter Measurements, Several SOURCE

FOLLOWERs were tested using the curve tracer prior to testing
them on the Singer, Testing the devices on the curve tracer first
provided the opportunity to determine whilch devices would be
favorable to test on the Singer, OSOURCK FOLLOWER:z that exhibited

somewhat linear characteristics in both the saturati-n and ohmic

for further Singer testing. The primary objective in the MESFET
program development was to simply obtain a device that exhibited
a favorable I-V curve and test 1t further on the Slnger. Many

devices' I-V curves 1indicated that they would never reach pinch-
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off or would recach breakdown prematurely, These devices

were not aggressively sought after since the VI was the moot

important (and difficult) paramcter to obtain on the Zingrer,
As can be seen 1n Table VI, VF = -3.5V at 0.UmA was

obtained using the curve tracer whereas VP could not be

reached using the Singer. The 1indlcated 1limit set to

reach the value of VP = -3,0V at ID = 1,46787 mA demonstrates

theinaccuracy of the system. It can be seen that the ID

obtained is actually 10.93% of ID3IS., The propver VP would

(]

have never beon reached using the limit of 0.5% < ID < 1.5%,

| A

It is imprortant that the same limit to test VP for every

estine many devices

s

MESFET is used. If not, the purpose of
automatically would be defleated since a standard limit nust Ce
used. Wlth the Singer's inaccuracy, it was impractical to attempt
to define standard limits to cobtain VP, Limits of as much as

0.5% & ID & 10.0% were used to test the SCURCE FOLLOWERs (as

well as other MESFETs). ID reached the limit eventually, but

the wrong value of VP was obtained., A limit such as the one used

mit such as 0.5 < 1D < 1,57

(=N

above 1s very inaccurate whoreas a 1
increases the accuracy of VP. An ID of 0.4mA (2.5% of ID23Z) for
VP = -3.5V was obtained using the curve tracer which was 2.57

of IDSS. It seems at thls polint that even 17 the Sincer were
functioning proverly, standard 1limlts would not be practical,.
VP(Figure 38) was achieved using the curve tracer reecardless of
the theoretical 1% of 1283 rule, It also seems now that this
problem could be iIn the accuracy of thce curve tracer or theo device

itself, The problem demonstrates that a standard limit for
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Figure 38. SOURCE FOLLOWER 'A' I-V Characteristics.
Table VI. SOURCE FOLLOWER 'A' DC PARAMETHRS
DEVICE: SOURJE FOLLOWER
METHOD
DC PARAMETER CURVE TRACER ITNGER % ERACR
VDS (V) 5.0 4,99 9.2
IDSS(mA) 16.0 16.18 1.088
RO(Ohms) 167.0 140.0 12.28
RS(Ohms) 7500.0 7375.0 1.69
LIMITS VP@ 2.5% OF IDSS 0.50<ID<1.57 } ——=--
VP (V) -3.5 -3.0 16.7
ID(mA) 0.4 1.69 76.3
GM{millimho) £.0 5.70 5.2
VGS (V) TD(1A) 1pCnA) T WRECR
G.0 16.0 16.183 1.05%
-0.5 12.6 12.87 1.6
-1.0 9.6 9.88 2.82
-1.5 7.0 7.26 3.71
-2.0 4.4 4.95 11.17
-2.5 2.0 3.01 50.5
-3.0 0.8 1.68 52.6
-3.5 0.5 ——— | e
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Figure 39.

SOURCE FOLLOWER 'A' Transfer Characteristic.
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Figure SOURCE FCLLOWER 'R' I-V Characteristics
Table SOURCE FOLLOWER 'B' DC PLRAVMETERS
DEVICE SCOURCE FOLLOWER B!
METHQOD

DC PARAMETER CURVE TRACZR SINGER 7 ERRCR
VDS(V) 5.0 4.a9 0.2
IDSS(mA) 8.8 9.€6 8.9
RO(ohme) 192.3 215.¢8 10.98
RS(ohms) 15,000 14,000 29.0
LIMITS VP2 2.27% of IDSS| 0.57<ID<1.57 | -=--=
VP (V) -3.5 _—— | m=e—-
ID(mA) 0.2 ——— | e
GM(millimhos) 3.47 212 11.2
VGS (V) ID(mA) In(may T ERECH

0.0 9.0 9.66 h.oH
-0.5 7.2 7.70 £.58
-1.0 5.4 6.44 16.15
~-1.5 3.8 .61 7.7
~2.0 2.2 3.27 22.75
-2.5 1.0 2.16 53.75
-3.0 0.4 1.50 73.40
~3.5 0.2 1.29 ga.57
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Figure 41. SOURCE FOLLOWER 'E' Trancfer Charazeterd




determinin, VI would be d1f7Ieult L0 ~btaln on he Tivenr
wlith accuracy in currcent measurement znud overn more oo withioub

the accuracy.

Cther paraneters deplcting DDURCH YA ocru
be seen in the table., Ficure 39 depdiets V3T versus 10, The
figure indicates that the Slnger shows come accuraer ot nish

currents, but is low at low currents toward rpinch-ofl., A
percentase erreor in the table indicates the acecuracy rrobvlen ac
ID is decrcased,.

SOURCE ¥OLLOWER '2' resulis are shown in Table VIT and In
Figures 40 and 41. The limlt was set at 0.5¢% 1D 1.57 for
the Singer, TId never reached wlthin the sect 1limit and therelore
VP was notl obtained. The program simply bypasced the cxvected
VP, The value of ID at VGS = -3,5V is 1,29610mA at 13,47 of
IDSS, This indicates that the standard 1imit would ncot arrly
with the Singer's accuracy. Flgure 41 depicts VGE versus
ID with the percentage error indicated in Table VI
other measured varameters,.

CURRENT SOURCE DO Parameter Megsuremont

A CURRENT SOURCE was tested using the Singer tester
with the results shown in Table VIII. The 1-V characteristics
of the MESFET as measured on the curve tracer are shown
in Figure 42,
As can be seen in the table, £he percentage error varies
somewhat and does not show consistency as ID decreasos. A
graphlcal representation can be seen in the transfer characteristics

of the CURRENT ZOURCE as shown in Figure 4i4,
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Figure 42. Current Source I-V Characteristiics.
Table VIII. CURRENT SCURCE DC Parameters.
DEVICE: CURRENT SQOURCE
METHOD

DC PARAMETER CURVE TRACER STNGER TERECR
VDS (V) 5.0 4,99 0.2
ID3S(mA) 11.6 14,29 18.2
RO(ohms ) 166 182 g.6
RS{ohms) 7500 4525 33.7
VP(V) 3.0 | ~ee—- —_——
ID(mA) 0.6 | e—e-- ——-=
GM(millimhos) 3.7 b, 451 16.8
Limits VP& 3.9% of IDSS | 0.5%<ID<1.5% —---

VGS(V) ID(mA) ID(mA) | SERBOR
-0.0 11.6 14.29
-0.5 9.0 11.4 21.0
-1.0 7.0 8.80 20.48
-1.5 5.0 6£.38 21.6
-2.0 3.0 4,27 29.7
~2.5 1.6 1.62 1.20
-3.0 0.6 1.38 56.5
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Figure 43. CURRENT SCURCE

107

Transfer

Al - * 4 2
Characterictic.

R



ACTIVE LOAD DC Parameter Measuramord

An ACTIVE LOAS was tested wlth the resulis shown in
Table IX. 7The I~V characteristics of {he MilPET ac measured
on the curve tracer are shown 13 Firure 44, 3Jince the scurce
of the ACTIVE LOAD 1s shorted to 1is ~ate, VP nor G¥ can be
tested,
Summary

In this chapter results obtailned through th2 automated

testing of the ME3rETs of Firure 19 were comrarzd te those

measurement resulits using a curve Lracer, The recults
from testing the devices were not ac successiul as .-xpicted

due to the current measuring inaccuracy of the Zinger., As
a result of this problem, it was felt that continued testing
of the SINGLE GATE, DUAL GATE, and DIODE vprograms as well as the
BREAKDOWN VOLTAGE subroutine would not yield significant results.
The TEST and PROBE RESISTORE were not tested, but should not
be difficult to test 1f the program presented in Chapter IV is
used., It 1s hoved that with the Singer tester's accuracy protlenm
removed, better results will be obtained,

Chapter VI will now be devoted to discussing the cavabllities
and limltations of the Singer tester. A simple system design

to provide the Singer with a dynamic testingcapability 1s also

e

presented.
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Figure 44. ACTIVE LOAD I-V Characteristics.

Table IX. ACTIVE LOAD DC Parametoers

DEVICE: ACTIVE LCAD

METHOD

DC FARAMETER CURVE TRACER SINGER % EREOR
VDS {V) 5.0 .99 0.2
IDSS(mA) 17.0 20.0 15.0
RO(ohms) 156 172 9.3
RS (ohms) 7500 4500 40.0
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VI. CAPABTLITIES AIID LTMITATTONT OF TUHE STHOER TEITIR

In the previous two chapters, procedures to test the DC
parameters of an JIFET and MZSFET usine the Singer tester were
developed and measurements obtained for most of these narameters.
An attempt was made to prove that the Sincer was capable of
testing the static DC parameters of a JFET and MESFET. This
capability had never been vroven before, The results obtained
were not spectular since the Singer encountered measurement
accuracy problems. VWith an improved necasurement accuracy,

a better idea of the Singer's caprabililty in the area of JFET/
MESFET DC parameter testine will be obtained.

The purpose of thils chapter 1s to study the capabilitiec
and limitations of the Singer tester. These will be determined
by information published in the Singer manual (Ref 21),
tests conducted to study the voltasce output characterictics
of the Singer and the principle results of the testing ol the
MESFET (Chapter V) and thel-bit accumulator (Anpendix J).

Published Snecificaticns of the Singer Tester

4]

According to the preliminary draft written by Singer fcr the
tester (Ref 21), the system is capable of verformins full DC
parametric testine, data plotting, data lopgsing, and data analysis
on semiconductor circuits (Intesrated and discrete) as w211 as
reslstors (integratcd and discrete). These tests can be perrorned
at the wafer level using the TAC Automatic Frobe Unit (See
Appendices C and G) or at the packarged circuit level. TFackared
circuits can be directly inserted in the system's perlormance

board. Singer develoned the tecter for the 1nitial rurpose
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of testing transistors, integrated circuits and resistors.
The Singer tester has the capability te rerform DC measure-
ments on the devices indicated below.

Bipolar Transistors. The following DC parameters can be

measured on the Singer:

A, HFE(small—signal current galn) as a function of IB

(typical IB = 100pA to 100mA).
B. HFE as a function of TC (typical IC= 100uA to 100mA).
o . PR 4 = -
C. VBE as a function of IE (typlcal IE 10puA to 10mA).
D. BVEBO (tyoical 0 to 10V, 0 to 1mA, with 1nderendently

adjustable voltage and current limits).

E. BVCBO (typical 0 to 100V, O to 1mA, with independently

adjustable voltage and current limits).

, BVCEO (tyoical 0 to 32V, 0 to 1mA, with indevendently

adjustable voltage and current limits).
G. BVCES (typical 0 to 32V, 0 to 1mA, with inderendently
adjustable voltace and current linmits).
H. BVDS (typical 0 to 100V, O to 1ImA, with independently

adjustable voltage and current limits),

i - A
I. VCS(sat) as a function of IC (100pA to 100mA),
et it a A from _ Y.
J. Inpg @s a function of Viuq (tyoical 100uA from 0 to 12V)
K. I,q @s a function of V.g (Typical 100pA from 0 to 32V).
L. Igpo @5 a function of V (tynical 100pA from 0 to 6V).

EBO

Integrated Cireuits. The followihg DC parameters for medium-

scale integrated circuitvs can be measurcd on the Sinrer:
A. Input leakage currcnts,

B, Input level voltages.
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C. Input throestoeld voltnmer,

D. Outobut level voltarou,

E. Output fancuts,

F. Total devicve surply oo,

G. Suprply and bias wolvomeos,

H. Supply voltarme varlalion oottty

Intesrated (and Dicernto) Pertod ~ne Ty T oW ing onnvarLor-

istics can be determined cn the Dingeor:
A. Absolute value of reolistaree (Lvriowl 10 ohnmo Lo 100K ohmos).
B, Ratio betweoer any two rosiciors,
For further inferrmatlon ceonzornin: sreclflications and

characteristics of the Jinger Loviter, Toc Appendlx B,

Singer Voltase Output Characterviciics =nd Yish Mpocd Teoctins

Capablililty
Tests were conducted to detormine the voliage output

characteristics of the Singer tester. Of primary intcrest in

<t
i

the study of these characteristics i3 the frequency at which

)]

jov]

the Jinger vnower supplies can be turned on and off which

Ue

results Iin fthe formation of square waves. To form these sguarec
waves requires the develorment of a simple program to switch
a supply on and off in an infinlite loop. A program to obtain
the output of Ficure 45 is as follows.

100: Program A

110 SNABLE VS5

120 CLOSE GHD; V35

130 CON GND 403 V5 42

140 SET VIS 0.0V, 2C,0mA
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Fipure 45. Frogram 'A' Voltage Output Characteris-
tics.

Figure 46. Procram 'RB' Voltage Oubtput Characteris-
ties.
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150 SET VS5 5,3V, 20.0mA

160 SET VS5 0,0V, 20,0mA

170 GOTO 1h0

180 END
The program is designed to switch the VS5 vower supply
from 0.0V to 5.0V, back to 0.0V and then repeat the proccss
until the programner depresses the 'BREZAK' switch on the TI 3Silent
700. According to Figure U5, the pericd of the square wave is
approximately 17 md for a freguency of 58 'z, The outvut
voltage square waves were obtained by connecting an oscillioscupe
across a 1000 ohm resistor which is 1in turn connected to ping
40 and 42, The amrlitude of the square wave sisnals is 5V,
The width of each scquare wave is approximately Sms.

Figure 46 depicts the output of VS5 when the following

program 1s used:

100: Program 'B’

11¢ ENARLE V35

120 CLO3E GND

130 CLOSE V85

140 CON V35 42

150 CON V35 Lp

160 SET VEH 5.0V, 20.0mA

170 DIS GND W2

180 DIS VS5 U0

190 GOTO 140

200 END
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P

The cocilloscope was connected as before,

the period of each square wave 1s aporoxi

1

62.5 Hz, and an amplituds of

o~
i

frequency o
1t is very obvicus thali the Singer is

As can be seen

Cey de S -
mately 16w® av a

5,0V,

not capable o any

form of high speced testing, To test MESFETs at the wafer lovel

dynamically would require a sirnal socurce

of 3 to €4¥z. The

Singer's dynamic capability is therefore vractically nonexistent.

The Singer devends directlyv on: the data tran
(direct memory access (DMA) at 275,000 words per second (Re 23)

within the Varilan computer, delay over the

13
'y
D
'3
=
&)
s
™

tus between the

Varian and the power suprlies, and the slew rate (arproximately

1 V/mS (Ref 21)) of each power suvply. Additionally delay

exists in commanding the matrix system to

switch to the aesired

vins, Taking a2ll of thils into acecount indicates that in order

to perform any type of autemated high speed teztinge would

require the use of an external sicnal source. Such a source

would be connected fto the Singer via the externzl Instrument

patch panel, The source could then be troucht under computer

control through reguired programming, The

be switched on externally. A CON (CONNECT

CON EXT A 42
would simply connect the source at 'EXT A?
to pin L2,

Due to the extremely small wavelenstns

source would simprily

)} command such as

on the patch panel

at 2-=5 Glz needed

to dynamlcally test the NAND/HOR circult of Figur. 19 (unpackared),

a test fixture other than the one (probe card and TAC probe

controller) used for DC parametric testing
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m

nust be used, The use of probes ard Che cubiie conneetlon betieon

3 1., - P N . 3 - ] o Yy, o2 R T e, T T e
vhem and the system repdornnnes bonsrd of Uho Dinmer wiao b oo iy
. B s N R / ., ~ Sl . P N T S P A
introduce consideratle delay and, of 2ourie, undesiyol lo 200 el

tance and inductance. Tn order to peorlorm oatomnotodl drnnmic
testing using the Singer would reaulr> o teort Tixture using
coplanar 50 ohm transmission lines (Ref U:235). lsinc thic type of
test fixture would require that cach chiv Lo tested separsztely
within the fixture. This mezns that cach c¢hip to be tosted must
be diced from the wafer. Some means of neasurine the ouiput cigs-
nals of the NAND/NOR circult and recording their characteristiics
would be needed., Additional ecaquipment would be necded
to perform dynamic testing using the Sincer Firgure 47 shows
a simple block diagram of a proposed dynamic testing systemn.
Referring to Figure 47, it can be secen that via the instrument
board, the Varian controls the matrix system and two tri-state
buffers. As shown an appropriate signal source (for frequencices
up to at least 5 GHz) is connected to the external patch pancl.
The output frequency of the signal scurce should te preset. By
program control such as a CON EXT A 42 (if the signal scurce
is connected to EXTERNAL PORT A) command, the signal source wiil

)

be connected to pin 42 of the matrix system. The A input (VGS

of th2 single gate of Figure 1(a) can be connected to pin 42

via an appropriate transmission line. The outpul of the single

gate could then be applied (with an appropriate transmiscion
line) to a measuring instrument. The instrument will neasure
the output voltage of the MESFET. The Varian, via the instrument
control board would signal the tri-state buffer te output the

measured voltage (the voltape should be A/D converted at the
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measuring inctrument) to the mutr¥x syctem.  The voltare would

then be transferred to the line printer or telelype upon

reaching a print command. As for the magnetic tape, the volturce

would be transferred to it upon the exec:tion of a STCHE Crormand.

It should be menticned that the Varian may not be able to

handle the rate of data obtained through the high-speed dy:

5%

C

{2
}n

testing of Gahs MESFET=z., It would therefore Le necesss

I
ey

3‘7

ry €O

a storage buffer between the tri-state fubber and thz measuring

instrument.

The previous discussion of ¥igure U7 has bLeen kept sinmric
due to the nany variables involved In order to test &ll cof
the MESFETs of Figure 1(a), the text fixture must be bullt to
provide inputs and outputs for each MESFET. The transmission
lines and matrix system will certalnly attenuatce and delay the
input signals, reguiring corrections to be taken intoc account.

The simple desicn of Figure 47 is a proposed method to in-

corporate dynamic testing into the Singer tester. “he desiaon

[¢)

may be incomplete, of course, but serves as a basis for future
deve lopment (beyond this thesis). It is certain that chanres
to the system design will be necessary.

One problem that exists with this system is the fact that

[o}

a test fixture must be developed for each chip to be teste
With this situation, it seems that the goal of automatically
testing a MESFET dynamically and recording the data in an
efficient manner may be defeated. This 1is due to the fact

trat the Singer's primary Interface for testing devices at

the chip or wafer level is via a probing system such as the one
used to test the DC parameters of the MESFET. Additionally,

the Singer 1s designed to test many chlps on a wafer, but to
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dynamically test a MuSFET chip, as mentioned before, requires
that each chip be tested secparately. lHowever, with the systemnm
design of Figure 47 (or a modification thereof), the capability
would exist to record the dynamic test data via magnetic

tape as can be done with static data. The modificd Singer

test system would therefore provide the capability to record
data efficiently for one chip at a time. The Zinger would

also provide an integrated or unified capability for testing
both DC and dynamic parameters.

Figure 47 indicates that output voltage measurements cnly
can be made. VWith reasonable effort, a frequency measurement
capability to determine propagation delay could also be designed
and implemented.

Limitations of the Sincer

As determined in Chapter V, the Singer, at the time of the
MESFIT testing,, lacked the capability fto measure currents as
low as 0. 2nA. This is due to the fact that the current measuring
subsystem required extensive calibration which could not be done
easily by government personnel, With the subsystem calibrated
by the manufacturer and with the power supplies also calibrated,
the Singer's accuracy should be improved. With this current
measurement problem, proper pinch-off voltages could not obtained.
From experience throughtesting the 4-bit accumulator of
Appendix J, it can be concluded fhat the Singer docs not have
the capability to provide more than one pulsed signal (at
different sequences) at a time, at any frequency. The phase
clock signals, Phase-1 and Phase-2, are examples of this 1limi-

tation. This problem 1s due to the programming of the Singer
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to provide a sequence of these signals in Figure 69 us
well as the power supplies' capability to provide the desircd
delay between each pulse. The period of each pulse is very
difficult to contrcl and may be accomplished by using DELAY
commands. This method was used and poor results were obtained.
Summary

The capabilities and limitations of the Singer tester were
not fully explored. Other cases may arise beyond the scope
of the theslis that may reveal more information of the Singer.
From the information presented, it 1s obvious that the Singer
tester cannot dynamically test devices. The only method to
provide a pulsed signal is through programming. Figure 47
provides a basic approach to add a dyramic capability to the
Singer tester. In Chapter VII, conclusions derived from the
experiences and results obtained through testing as well as
recommendations which might lead to further investigation will

be presented.
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VIT. CONCLUZTONI AND RECCHMENLATICN

Conclusions

An attempt bhas been made to provide ANWAL/AADLE the
capability to automatically test the DC parameters of Gahs
MESFET NAND/NCR logic circuivs at the wafer level using the
Singer tester. A computer program was developed based on FET
theory using the Singer's available software. Resulis
obtained through the application of the program to actual
devices have been presented. Tt is recognized that the data
obtained is inaccurate. This 1s a result of the Singer
measuring system inaccuracies. Therefore, the reliability
of the Singer is low and requires an additional effort
in repairing/calibrating the measuring system (range
amplifier, digital voltmeter) in order to acquire worthwhile
test results.

A study of the capabilities of the Singer has been
conducted. The Singer presently does not have the
capability to perform dynamic testing; however, the system can
be expanded to perform in this area.

A DC model of the GaAs MESFET has been proposed and
evaluated for its ability to predict DC parameter data obtained
using the Singer tester. An analysils of the model has been
conducted with results to demonstrate the model's potential

in predicting the DC parameter déta.
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VII. CONCLUSIONZ AND RECOYMMENDATIONI

Conclusions

An attempt has been made to provide AFWAL/AADE the
capability to automatically test the DC parameters of Gals
MESFET NAND/NOR logic circuits at the wafer level using the
Singer tester. A computer prcgram was developed based on FET
theory using the Singer's available software. Results
obtained through the application of the program to actual
devices have been presented. It is recognized that the data
obtained 1is inaccurate. This is a result of the Singer
measuring system inaccuracles. Therefore, the reliability
of the Sinrer is low and requires an additional effort
in repairing/calibrating the measuring system (range
amplifier, digital voltmeter) in order to acquire worthwhile
test results,.

A study of the capabilities of the Singer has been
conducted. The Singer presently does not have the
capability to perform dynamic testing; however, the system can
be expanded to perform in this area.

A DC model of the GaAs MESFET has been proposed and
evaluated for its ability to predict DC parameter data obtained
using the Singer tester. An analysis of the model has been
conducted with results to demonstrate the model's potential

in predicting the DC parameter data.
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Recommendations

It is obvious from the previous discussiocn that many
recommendations can be made to provide better results
than those presented in the thesis. The first and foremost
mat ter than should be resolved is to remove the current
measuring inaccuracy of the Siager tester. Work has been
completed in repairing and caillibrating the range amplifier and
A/D converter. Power supply VS5 should be calibrated so as to
reduce the current measuring deviation obtained during computer
controlled calibration runs. VSU4 can be used instead if the

ons

oo

calibration runs indicate the current measuring deviat
to be lower than for VS5.

The pinch-off voltage subroutine, VP, should then be
tested using a Source Follower or Current Source MESFET
device from Figure 19. Of particular interest in this subroutine
i1s the current limits obtained in the LIMITS subroutine. A
current limit such as 0.05% of IDSS < ID < 1.0% of ILSS
should be attempted first. It is recommended that several
devices be tested using this 1limit. A statistical analysis c¢f
the results should be made indicating how many devices reach
VP at this limit. This limit may narrow or widen depending on
the results. Comparison should be made with the I-V curves
obtained on a curve tracer. An extensive investigation should
be made to determine a ‘standard'. current limit if one exists.
This 'standard' limit must be applicable to all devices and

cannot be changed during a test.
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Secondly, the SINGLE GATE (SGA) and DUAL GATE (DGB and
DGC) devices should be tested using the STHGLE GATE and
DUAL GATE subprogram in the MESFET program. The subprogram
has been compiled with no errors of particular importance again
is the Singer's capability to pinch off either device
according to the presentation made in Chapter IV. Unless
pinchoff is obtained for each device, no valid rcsults
can be obtained for the other paramcters ol the device.

The BREAKDOWN VOLTAGE (BV) subroutine has been compiled
with no errors. No results have been obtained thus far and
it is recommended that a commercial JFET be used in testing ;

initially to avoid destroying a MESFET. This subroutilne

should be tested after all other subroutines have been tested
and statistical results have been obtained.

Primary emphasis has been placed in developing the basic
precedures to test the most important DC parameters of the
MESFET devices. These were ID3S, RO, R3S, VP, and GM.

These parameters can be measured without destroying the

MESFET as could possibly be done b, 2sting for the break-

down voltage. Since most of the time was spent in developing

and testing the previously mentioned parameters, actual testing

of the DIODE, TE3T, and PROBE resistors, and the SINGLE and

DUAL GATE device programs were not checked out. These devices

also were not tested since the Singer's measuring accuracy :
was low.

It is recommended that statistical results are obtained from
the testing of the SOURCE FOLLUWER, CURRENT SOURCE, and

ACTIVE LOAD prior to testing the diodes, resistors, single and




dual gate devices. 1IDSS, RC, RS, VP, and GM are thc most
basic and important paramecters., Successful testling of the
SOURCE FOLLOWER, CURRENT SOURCE, and ACTIVE LOAD will
provide the basic foundation for testing the SINGLE GATE
and DUAL GATE devices.

In order to record the large amount of data obtained
through testing hundreds of devices on a wafer, commands have
to be added to the MESFET program to store data on magnetic
tape. Additionally, a program must be written to read
data from the tape and print it in an understandable
manner.

An attempt has been made in this thesis to remedy the
deficiencies initially encountered in the documentation of the
Singer tester and to collect for convenient reference the
information needed to use the system. The results obtained
should form the basis for further development aimed at providing

the full test capability needed in the GaAs logic program.
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APPENDIX A

MANUAL TESTING CR NAND/MNCR CIRCUIT

DEVICES' DC PARAMETERS
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APPENDIX A

MANUAT, TESTING OF NAND/NCQR CIRCUTT DEVICE'S DC PARAMETERS

The probe station used to manually test the DC parameters
of the devices in Figure 1(a) and 2 is shown in Figure '3 .
The configuration needed to manually test the devices 15 shown
in Figure 48 and photographically in Figure 49. It consists of
a curve tracer cscilloscope, the probe station, and camera,
television, and interface unit. The process used to determine
the parameters manually is shown below:

1. Place wafer onto vacuum chuck with vacuum an.

2. Connect apprropriate probe wires from probes to curve
tracer. On curve tracer, let C = Drain, B = Gate, E = Source,

3. Select device(s) that appear to be good visually
(cracked pads, distoerted gate structures, and other obvious
distortions were observed in some cases and the devices were
not tested).

4, carefully adjust probes so that they are touching
the appropriate pads using Figures 2 and 50 as reference.

5. Use television as an aid.

6. Set curve tracer to appropriate switch selections to
provide proper drain and gate voltages and currents.

7. Turn off all lights in room including probe light.

8. Turn curve tracer on and adjust drain voltage until
desired I-V curve for the appropriate device appears. Il not,
remove probes carefully, select another device and repeat the

process.
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Figure 49. 1}Manual Probe Sta
576 Curve Traccr.

"

o

Figur<c 50. Manual Probe Ctation Probes In
Contact with Pads of GaAs MLSFET
NAND/NCR Chip.
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' Manual Tostine Resulte

In this scction, the results obtualned and problemns

encountered during the manual tecting of the GalAs MESPET loric

gate chip (PFigure 2) will be presented. Manual testing of
the logic gate was necessary for the fellewing reasons:
1. Understand the characterigtics of the individual devices
of the logic gate.
2. Determine the quality of the individual devices.
This would maxe possible the teating of devices
known to be good on the Singer Automated Tcsting Systerm.

T F:r‘l\

3. Provide data to use for modelling the MES .
4. oObtain a spread of the DC parometers.
The DC parameters of each device chown in Figure 1(a)
were tested and results obtained in the form of I-V curves.
The devices tested were the following:
Source-Follower
Current Source
Active Load
Dual Gate
Single Gate
Schottky Dlodes
Test and Probe Recistors
The DC parameters of particular interecct for the HNMESFET's weore

the following:

on
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Breakdown Vecltage
The forward and reverse threshold veltages Tor the three Schotiky
diodes connccted in series as well as the ohmic values of the

probe resistor and test resistor were alco obtalined.

Source Follower. A source-follower's I-V curves are snhown

in Figure £1. Several source-Tollowers were tccsted, and it

was determined that Figure 51 would depict the best characteric-
tics obtained fcr a source-follower. Tt can be obzerved that
excellent linearity in the ohmic and saturation recions wns
obtained. From the photograrh, the curve ftracer setiling. wore

500uA/vertical step (ID), 2V/horizontal step <VD§) and ©00nmv

ste r ooent = T in e
per step (VGS). The top curve represents Vig 0. Togg %08
obtained at about 3.85 mA. The transconductance, Sno 8S shown

]

in the photograph, is 2 mmhos. Ron varied from 150C to L003J.
Breakdown voltages were cbtained at drain bias voltages of
from 8 to 12 V.

Current Source. The current source's T1-V curves are shown in

Figure 52. FPFrom the photograph, it can be observed that

the current source tested exhibited lincarity in the ohmic

region and the saturation reglon below VGq = -3V. Retween
= = - ice zeems U o ying to ¢
VGS 0 and VGS 3V, the device zcem 0o be trying to go
g 1 i £ = L 5, is ¢
into breakdown prematurely at abou ]DS 5 IDSS i ound
to be about 10 ma at V.o = 0 while Vp is -8V at Iy = 0.1 mn.
Ron varies from 250 ohm to an extremely high recistance at
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Figure 51. Manually Teocted Source Fellower Charac-—
£ N
teristics.

Figure 52. Manually Tested Current Source Charac-
teristics.
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pinchoff while Rsat varies from 1100 ohm to an extremecly high
resistance at pinchorff. Transconductance as shown in the
photograph is 2 mmhos.

Active Load. An Active Load's I~V curve is shown in Figure

53. With the gate connected to the source, the device exhibits
no gain characteristics as can be seen in the photograph. The
Act.ve Load, however, exhibits excellant lincarity. The device
indicates IDSS to be approximately 1i7.0 mA at VDS = 5.,0V. Several
Active Loads were tested and the good devices tested indicated

similar characteristics as those shown in Figure 53.

Dual and Single Gates. Several dual gates and single gates

were tested manually. Prior to testing these devices, thz duzl
gates were cbserved to determine whether or not the gate structures
were damaged. Many of the gates were shorted and therefore
would not be able to provide good results. AFWAL/ ALDE has had
problems in fabricating good dual gates. The gate structures
were difficult to fabricate due to their extremely small widths
of 100 microns, as well as the laboratory's difficulty in
apply metallization to the gates to form a Schottky barrier.
The characteristics of a dual gate and single gate of
Figure 19 are shown in Figure 54. The gates were tested by
applying voltages to the A and C inputs using a curve tracer.
(No input voltage was applied to the D input). As shown in the
figure, IDSS was obtained at aboug 27mA. Pinchoff cccurred at
about -8v at ID = 0.0ImA. Values of Ro varied from 75 to 150
ohms. RS varied from 200 to 500 ohms. Transconductance for

the device is Y% mmhos.




’

Figure 53. Manually Tested Active Loazd Churacteris-
ties.

b.o Manually Teoted Dunal and Singile Gatbe
I~V Characteristics.,

Fipgure 5
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Schottky Diodes. The level shifting Schottky diodes (3)

connected in secries in Figure 19 were tested and the results
are shown in Figures 55 and 56. The forward threshold voltage
is about 4V and 0.5 mA according to Figure 55. The reverse
threshold voltage is about 8Y at 1uA.

Tast and Probe Resisztor Measurement. The test and probe

resistors of Figure 19 were manually tested using the curve

tracer. The results are shown in Table X.

Table X. Test and Probe Resistors Measurement Results

RESISTOR I(A) v{mV) RESTISTANCE (Kohms)
TEST 50 500 10
57 500 8.7
bg 500 10.2
PROBE 360 1 2.7
409 1 2.5
Summary

As a result of testing these devices, a better idea as to
how to automate the manual process was obtained. Tt was
realized that automatically testing the single and dual gate

devices separately would be difficult due to the fact that

elther device must be pinched-off before the other can be tested.
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APPENDIX B

THE SINGER AUTOMATTIC INTEGRATED CIRCUIT

TEST SYSTEM
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APPENDIX B

THE SINGER AUTOMATIC TNTEGRATED CIRCUIT

TEST [YSTEM

Description

The Automated Integrated Circult Test System is capable of
performing full DC parametric testing, data logging, data
plotting, and data analysis on itnegrated circuits (Ref 21).
The system may be used to test circuits at the wafer level
using a TAC (Transistor Automation Corporation) Automated
Probe Unit (Figure 65). Discrete components can be tested
on the system as well.

The primary function of the system is to test the DC
parameters of a device or devices. DC parametric testing is
defined as measuring IC voltages, currents, and values of
IC resistors at high accuracy and at low stimulus test
frequencies under program control,.

A Varian Omnitask Minicomputer utilizing 32K core of
memory controls voltage and current source supplies, necessary
peripherals, a digital voltmeter, and the TAC probe menticned
above. 1In addition, via an instrument control board, the
Varian selects the individual supplies and voltmeter using
a complex matrix system as shown in Figure 57.

A block diagram of the entire system is shown in Figure
58. A photograph and drawing of the Singer system arc
shown in Figures 59 and €0.

Test System Subsystems

The Singer test system consicts of several subnyctoems

which together provide the capability of forcing voltases and
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currents, as well as conducting DC parameter measurements
(voltage, current, and resistance). In additicn, a DC
switching subsystem is included. This system provides the
connection of any of the voltage or current sources, common
instrumentation ground, or user matrix input, to any one '
(or more) of the 80 test fixture pins under test progran
control provided by the Varian.

DC Voltage Measurement Subsystem. The DC Veltaze

Measurement subsystem has the capability to measure, under
test program control, DC voltages between any two of the
92 test pins (80 measurement/forcing, 15 measurement only
pins, 1 user matrix input pin, and 1 common instrumentation

ground pin).
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The DC voltape measurement capability is as follows:

A. Ranges: 4+ 100mV full scale to + 2060V full ccalce

B. Resolution: + 0.001% of range

C. Accuracy: + 0.017 of the absolute IC voltage present

Q

at the test pin.
D. Input Impedance: at least 10 megohms on &ll rangec

DC Current Measurement Subsveterns. Trhe DC Current

Measurement subsystem has the capability to measure, undcor

test program control, DC currents drawn by a device (transictor,

resistor, diode) connected between any two of the test pins

R M A

of the matrix.
The DC current measurement capabllity is as follows:
A. Range: 0 to 1.0 ampere.
B, Current Measurement Accuracy: + 1% of actual value.

C. Current Linmit Range: 0 to 1.1 amp.

D. Current Limit Resolution: IDANGE x 10 amps.

2

DC Resistance Measurement Subsvstem. The DT Resistance

Measurement Subsystem has the capability to measure, under
test program control, the DC resistance of an integrated
circuit or discrete resistor connected between any two pins
of the matrix.

The DC Resistance measurement capability is as follows:

A. Ranges: 10.0 ohms full scale to 200k chms full scale.

B. Resolution: + 0.001% of the range

C. Accuracy: + 0.04% of the absolute resistance between
the two test pins being measured.

The subsystem uses Kelvin wiring and switching techniques
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in order to provide accurate and repeatable resistance

measurcments.  In addition, the subsystem uses a 4 terminal
typre of measurement which consicts of two DC voltare sense
1"

lines and two ohms "signal'" lines.

The subsystem is thus configured by using one of two

[

constant current programmable power suppliec contained in
the test gystem as the ohms "signal" lines, meacuring the
voltage across the resistor under test with the DC voltage
measurenent subsystem zand using the System controller to

calculate the resictance in ohms.

DC Stimulus Subeoyatorm, The DC stimulus cubsysten

provides five promrommable voltage sources (VSI-V35) and

two programmable constant current sources (CS1 and CS2)

Fo4 N

as shown in Firurec 27 and 58. Each source is independently

programmiv’e in variocus modes of operation which will be
described In thre following paragraphs. Each source has
internal over-voltage and over-current protection and makes
use of a flcatinpg Kelvin type of output which consists of
analog high, analog laws, sense high, and sense low.

Each source reduces digital noise on the analog output
using isolated control logic. Additicnally, each source
contains its own internal memory which acts as a storage
buffer for programming data. The output of each source

remains constant until a change 1s initiated by the Test

System Controller.
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The programmable power supplies, V31, Vo2, and VS3 h=zve
p1rog ) Or s 5 s

following spedilfications:

A.

B.

The

Cutput Voltage: 0 to + 16.0V in 1.0mV increments

Output Current: 0 to + 100mA, Short-circult rrotected

n

Current sink capability: + 50mA, overload protccled

Accuracy: 0.01% of the programmed value (which depends
on the condition of the power supplies
due to calibration inaccuracies or component
failure in the sources themselves.

Load regulation: 0.0017%

Line regulation: 0.001% for a + 107 change in line

voltage.

programmable voltage power supply, VSH, is a voltare

£

forcing-current measuring DC source with the following speci-

fications:

A. Output voltage ranges: 0 tc + 32.0V full range:
0 to + 9.0V in 1.0mV incremente:
And + 8.0 to 32.0V in 4.0mv
increments.
B. Output voltage accuracy of programmed value:
+ 0.5% of the full scale voltage range.
C. Output Current range: 0 to + 100mA minimum.
D. Current measurement ranges and resoluticn roguirements:
FULL SCALE
MEASUREMENT RANGES RESOLUT1O0M
0 to + 4, 0uA + 1nA
0 to + 32.0uA + 10nA
0 to + 250uA + 100nA
0 to + 2.0mA + 1uA
0 to *+ 16.0mA + 10uA
0 to + 100.0mA + 100uA
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Current measurement accuracy: + 1.07 of the actunl valuc.
Current limit: + 110.0% of the full scale current

measurement range.

VS5 is a programmable voltage power supply and it functicns

as a voltage forcing-current measuring unit with the following

designed specification:

A.

Cs1

Output voltage ranges: 0 to + 16.0V full range;

0 to + 9.0 volts in 1.0mV increments; and + 8.0 to
+ 16.0 volts in 4.0 mV increments.

Output voltage accuracy of programmed value: + 0.27
of full scale voltage range.

Output current range: 0 to + 1.0 Ampere, minimun.

Current measurement capability: 0 to + 1.0 Ampcre.
Current measurement accuracy: + 1.0% of the actual
value.

Current 1limit: + 110% of the full scale current
measurement range.

is a programmable constant current source and functions

as a current forcing-voltage measuring unit with the following

specifications:

A. Constant current output (Programmable):
FULL SCALE RANGES RESOLUTION
0 to + 500nA + 100 pA
0 to + 5uA + 1 nA
0 to + 32uA + 5 nA
0 to + 250uA + 50 nA
0 to +2 mA + 1uA
0 to + 16mA + 3uA
0 to + 100mA + 20uA
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B. Programmed accuracy of the programmed constant current
value: + 1% of the programmed value.
C. Voltage measurement accuracy: + 2.0% of the actual
value, from 0 to + 32.0 volts DC.
D. Voltage output range: 0 to + 35 volts minimum (110%
of the full scale voltage measurement range) with a
programmable clamp voltage of 1.0V increments minimum.
CS2 is a programmable constant current source that functions
as a current forcing-voltage measuring unit with the following
specifications:

A. Constant current output (programmable):

FULL SCALE RANGES RESOLUTION
0 to + 250uA + 40 na

0 to + 2 mA + 250 nA

0 to + 15 mA + 2 uh

0 to + 100 mA + 15 pA

B. Programmed accuracy of the programmed constant current
value: + 17 of the programmed value.

C. Voltage measurement accuracy: +* 0.2% of the actual
value from 0 to + 100 volts DC.

D. Voltage output range: 0 to + 110 volts, minimum
(1107 of the full scale voltare measurement range)

with a programmable clamp of 1.0V increments minimum.
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Systen Test Fixture/Performance Board

The System Test Fixture/Performance Board 1s defined ac
the unit which interfaces a device (integrated circuit (11ST)
elements such as transistors, resistors, and diodes, diccrete
transistors and resistors and discrete diodes) under test
and its associated "performance circuits,” to all measurcement
and stimulus subsystems contained in the test system. A
performance circuit is deflned, according to the reference
used, on a per rin basis, as a
"Special circuit, such as a passive lcad, an active
load, a capacitive load, or a special interface circult,
which is connected to some pins of the device to allow
stimulation of realistic device opecration conditions

during the test procedure." (Ref 21).

DC Switching Subsystem

An 11 x 80 (Kelvin (2 wire) high reliability shielded
mercury wetted and dry reed relay matrix is provided which
allows the Kelvin connection of any of the sources (V31 throush
VS5, €31 and C32), the common instrumentation ground, or the one
user matrix input, to any (or more) of the 80 test fixture
pins under test program control (Refer to Figure 57).

Each reed relay pair (Kelvin matrix crosspoint) in the
matrix has independent slorzpge capability. Indepcndent storare
is the ability to remain in one of two switched states (after
initial programmed switching by the test system controller) without
the need for further holding commands from the test syctem controller
A master matrix clear line 1s provided that will dicconrnecct all
inputs to the 30 pins of the test fixture under program control.
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A1l cabling connections are made of high quality shiclded

cable with shileld grounding techniques used so that system ground-
loops are minimized.

A shielded, 92 input (minimum) 2 wire reed relay matrix is
provided which allows the two inputs (high and low) of the
DC Voltage Measurement Unit to be switched under test program

control, tc any two of the 92 test pins.

Close Relay Matrix/Fxternal Instrument Multiplexer

A special relay network is provided so that any one of
the instrumetns (VS1-VS5 or C81 and (CS2) can be replaced
by an external instrument under program control as shown 1in
Figure 57. The matrix is desligned co that either, but not both,
VS1 or External A device may be closed to the main switching !
matrix which applies to all instruments except for the DVM bus.
The external devices can be alternate power supplies that remain
at a voltage or current value determined by the programmer and
are not programmed by the programming language. The Close !
Relay Matrix and associated matrix sections will be discusscd
further in Appendix D. |

Instrument Control Systenm

The Varian Computer transmits signals to the buffered 1/0

controller located in the I/0 Expanszion Chassis which are In turn
sent to the Instrument Control rack to contrcl the entire system.
The Instrument Control rack contains rececivers, decoders, and
timing circults to control the 7 power supply instruments, close
relay matrix box, 16 external relay drivers available at the rclay

motherboard, and the analog-to-digital (A/D) converter including

the ranging control on fthe A/D input amplifier.




Test System Coniroller

The user programmed Test System Controller controls all
programmable elements contained in the test system with the
following characteristics:

A. Memory capacity: supplied with 32K works within the

mainframe,
Memory cycle time: 1 usec or less.
Word length: 16 bits.
Memory addressing: direct.

. Supplied with a ROM bootstrap loader.

H & o o 2w

. Input/Output channels: Two input/output channels are
provided to allow for user installed test instrumentation ,
to interface to the test system controller. Each I/0
channel has the capability to input 16 bits and
output 16 bits under test program control via plug-in
interface cards. This enables the ability expand the
the capability and reconfiguration of the test system.

G. Controller memory has the ability to retain stored
information for one week without test system power.

H. A Direct Memory Access Channel (DMAC) is used with the
dual magnetic disc unit.

I. Necessary time delays required for proper operation
of all test system instrumentation can bc genorated

under test program control.
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The Test System Controller consists of the VARIAN €20/f-100
minicomputer, 32K memory expansion unit, and an I1/0 expansion
chassis.

System Controller Peripherals

The System Controller peripherals are shown in Figure on
the far left side.

Keyboard Entry and Information Printout Unit. A Texas

Instruments 3ilent 700 table-top high speed teleprinter is used

to input programs required for real-time testing. The teleprinter
has the capability to transmit and receive data from the test
system controller at speeds up to 300 words per minute or 30 cps.
The unit is sued as the main I/0 unit for the controller.

High Speoed Paper Tape Reader/Punch Combination. The test

system is supplied with an optical 300 c¢ps paper tpae reader/
punch combination with the capability to operate in the step cr
continuous mode. The reader uses an €-level code while the punch
is capable of punching 75 characters per second and has the
ability to duplicate the tape being read by the reader.

Magnetic Disc Unit. The test system uses a moving hecad dual

magnetic disc driver unit (PERTEC 3000) which use¢s two upper and
lower disc cartridges. The lower disk is permanently installed
with the disk driver unit itself and is used to store the operating
system software for the computer. The upper disk is a renovable
hard pack ugsed to store all ucer programs. The total storare

capability 1s at least 2 million 16 bit words.
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Information Display Terminal. A Tektronix Model 4012-1

Display Terminal (nard copy compatlible) is supplied with the

test system. The unit allows input and output of alphanumeric

data and the output of graphic data at an input/output data rate

of 9600 bits/sec. The display terminal use is that of scheduling

DC parameter test runs, calibration runs, the assignment of logical
unit names to the peripchrals, and providing the user (or programnmer)
the abllity to communicate with the operating system.

Information Display Terminal Hard Copny iUnit. A Telktronix

Model 4610 hard copy unit is connected to the display terminal.
The hard copy unit produces permanent high-resolutien, dry copies
from the display terminal.

Magnetic Tape Unit. A WANGCO Model 10, 7 track magnetic tape

unit, is supplied with the system. The tape unit it IBM compatible
and has a data density of 556 (HI)/200(LO CPI).

Line Printer. The Data Products Mcdel 2410 Line Printcr

(not shown in Figure 58), but connected to the I/0 Expansion
Chassis) 1s sued to output source programs as well as data.
Speeds ranging rrom 245 lines per minute, and 132 columns, to
1110 lines per minute, and 24 columns of printed characters from
a 68-character set are possible.

TAC Probe and Controller. The TAC Probe id . ntroller are

discussed in Appendices C and G.
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APPENDIX C

TEST SYSTEM SOPTWARE

5 Test System Software Packare

! The test system is furnished with a software package to
permlt the user or programmer to write test programs. The
system monitor program controls the overall software operation
of the test system which initiates all input, output, data
analysis, and control of the test systen during system operation
(hef 21). A simple, English-like test oriented language called
Elucidate, 1s the programming language for the system and will

be described later in this Appendix.

Compiler. On-1line program translation is supplied with the
test system by the software package. A disc resident compiler
configured to match the system hardware comprises the software
package. The compiler operates in the bafch processing mode
in conjunction with the Source Editor for corrections. A start
execution, RUN, executes the test program after it has been

compiled and all diagnostic errors removed.

Editor. In addition, on on-line test program editing
capability is provided. The on-line test program editor allows
the programmer to change or add instructionc or test seguences,
and delete instructions or test sequences via the teleprinter

keyboard.

VORTEX Operating System. An on~line magnetic dice operating

system is also included in the software package. The disc
operating system, known as VORTEX (Varlan Omnitask Real-Time

Executive) is capable of:
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A. Loading the confizured test system software into corc
memory from the disc.

B. Storing test programs written in the Flucidate test
language onlo the disc.

C. Loading test programs from the disc into core under
operator and test program control.

D. Executing test programs under operator control.

E. Deleting test programs on disc.

F. Repacking the disc.

G. Storing and recovering test data under control of
a test program.

H. Linking test programs in order for a new program to be

loaded from the disc under control of a resident test
program and automatically execcuted. This new program
replaces the requesting program in core.

I. Storing, recovering, and executing machine object
code resulting from compilation of FORTRAN and assembly
language programs.

J. Storing, recovering, and executing utility programs.

Available Programming Lancuzces. In addition to the

Elucidate test language, FORTRAN IV and assembly languages arc

supplied to allow for user data processing. The user is also

capable to write assembly language programs for any additionally
installed instrumentation.

Software Drivers. Software drivers are suppliecd Tor ull

test system instrumentation, including Automation Corporation
Automatic probe unit. The software driver for the TAC probe

controller enables a test prosram to completely control the
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TAC probe unit (See Figure 6%, Appendix G). The following items

are controlled by the software driver under test propgrum contrel:

A. Sense the up or down positicn of the z-stare.

, B. Move the z-stage to the up or down position.

(@]

Control the in-place inker on the probe unit.

D. TInitiate an independent or simulataneous ¥ and Y indix
operation.

. Control independently the X and Y step size.

F. Sense the completion of an index operation.

G. Sense the Start Test signal from the probe controller.

H. Sense the Emergency Stop siznal line from the probe
controller and create a prricrity interrupt to the test
system controller if an Emergency Stop condition occurs.

Graphics. The Advanced Plot-10 Tecktronix software package

1s supplied with the display terminal tc provide a graphics
capability for the system.

Elucidate Programming Test Language Description

The Varian 620/f-100 computer controls a real-time test
situation and requires certain specialized logic elements (Ref 22).
The Elucidate programming language combined with the logic
elements of the Singer test system provides the computer with an
error free test device. A 16-bit binary data word transferred
from the computer to the test system (power supplies, digital
voltmeter, etc) is the basic element of the Elucidate control
system. The test system uses a three dimensional array concept
of X, Y, and Z addressing. This allows the Zlucidate programming
language to define the necessary control functions to the test

system. To accomplich this, the 16-bit binary word is divided
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into four elements. The first element is a 1-bit word which
separatos test system commands and compnter control wordns.
Element two 1g a ©-bit "VERR" ficld uscd to define an action
which the test system must perform. A typical verk isc "SET!
which 1is used in an instruction such as
SET VSl 4.5V, 10.0MA

where "SET" sets the voltape output of power supply VSl at
4.5V and at a maximum limit or clamp current of 10.0MA. A
maximum of 21 verbs is provided by the Elucidate languare.

The third element is a 5~bit "NCUN" field which is definca

]
@]

the place where an action occurs. A typilcal ncun in "VS1" as

in the above command. The fourth els=mnent is the "MODIFIER'
which consists of 5-hits which are used to describe the test

point locations. A modifiecr can be an integer or real number,
unit of measure, or a variabhle. In the case of the above command,
4.5 and 10.0 are real numbers, whereas V(volts) and Ma(milliampc)
are units of measure. One 16-bit word is not adeqguate t.

describe the required conditions for certain actions which the

test set performs. A multiple word command is used in

+

hi

w

3|

-

case with the first word containing VERRB, NOUN, and MODIFIER,
and the following words specifying additional conditions in

a prredetermined Tnrmat. The above command is such an exanmple.
The modifier "10. M is an additional condition specifying that

a circuvit installed in the test system can draw a maximum

current of about 10.0mA from VS1.
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The three-dimensional address lccatlion can describe any
function required of the tcst system. Each function, thercfore,
normally has a threec input gate that consistc of a VERB, LOUM,
and MODIFIER. With all three inputs true, that function and only
that function will activate. The Elucidate languarc easily has
control of this complex system using this addrescing ccheme.

The Elucidate Compiler transforms English commands and
numeric locations to the 16-bit data words comprehensible by
the test system. The compiler is written in DAS MR MACRO
assembly language with access to the compiler pained through the
Test Set Cperating System (TS03) which is then accessed by the
Varian's VORTEX operating systeia.

From the previous discussion, Elucidate 1s a unique tes
language. It is a simple language, but 1t is necessary to
describe it further to understand the MESFET program.

After the items 1in the previous section were determined, the
power supplies were required to be initialized using the

following commands as an example:

100 : CONDITION TEST SYSTEM FOR TETSTING
110 RESET

120 ENABLE VS1: VS2;VS5

130 CLOSE GND; VS1;VSZ;Vs5

140 CON GND 40; VS1 41; vsS? 36; VS5 48

The RESET command initialized the matrix system (reomoved
power supplies, voltmeter, et cetera from the matrix). In other
words, it caused the test system to be reset to a neutral
condition with all previous commands negated. After cvery RESET,

the remaining commands were required. The ENABLE command

160
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signalled the pcwer supplies to switch to the on state. The
CLCSE command provided the capability to pre-establish the power
supplies and ground (GND) selected prior to the cornnection of
the test point matrix pins. The CON (CONNECT) command connected
the power supplies and GND to the individual test point matrix
pins. A DIS (DISCONNECT) negates the CON command. From this
point on, the power supplies had to be set at the desired voltage
and current clamp value using the following command:

150 SET V35 5,0V, 20.0MA
The SET command sets VS5 to 5.0V at the maximum allowable clamps

current drawn by a device at 20.0NA. To meacure this voltage,

the voltmeter must be connected using

160 CON VMH 48; vML 40
The CON command connects the voltnicter between pins 48 and
4o. VS5 is also connected at pin 48 and GND at 40. Therefore,
when the command

170 READ VMH 4

is reached, the voltmeter is read at approximately 5.0V
(+ 0.01% of the absolute DC voltage present at the test pin). _ﬂ
The above command not only causcd a measurement to be taken,
but stored the measurement with the line number as a reference

location for the data obtained. 1In adci‘!on, the interer 4 or

Iy
MOD number was specified with 2 or. 16 measurements actually
taken and averaged. A print command using the line number

location of the measurement caused the voltage measurement

obtained to be printed with the unit V or volts.
Current measurements were made using the following command:

180 READ VS5 4
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Current was measured and averaged as before with a print
command (not shown) printing the current In A or amperes.
Appropriate conversion to MA was obtained by multiplying the
results at line 180 by 1000.0 and substituting 1A for A using
formatting.

Call to subroutines are made using the following comnand:

190 GOSUB 1330: CALL PINCH-CFF VOLTAGE (UP) SURBROUTINE
The subroutine was called to an ENTER statement located at
line 1330. A GOTO statement placed before entering the sub-
routine was then necessary to prevent accidentzal entry to the
subroutine (not shown). The GOTO statement, when reached,
skips the entire subroutine and continues with the next state-
ment. A RETURN command returned control to the main program.
All results ohtalned in the subroutine were automatically
carried to the main program and remained the same until the
subroutine was entered again.

Variables were used throughout the program usirg only
Elucidate variables, ZA, ZB,...ZZ. Measurements taken were
set equal to variables using the command,

200 EQ, ZA, 180
where ZA was set equal to the measurements taken at line 180.
To set a variable to an integer or real number,; the command
210 EQ, ZA, 250.0
had to be used to distinguish the difference between a line
number and, an integer or rcal number.
Simple algebraic manipulations could &also be performed

(multiply, add, divide, subtract). These commands ani thelr
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variations are shown below as an example:

220 MUL,170,1.0

230 DIV,170,180

240 SUB,170,7A

250 EQ,ZB,7.0

260 ADD,170,7B

At line 220, using the previous commands presented at their

respective line numbers, the voltage reading is multiplied by
1.0 and the result stored at line 170. At line 230, line 170 is
divided by the current reading at line 180 with the result
stored at line 150. Afterward, line 170 is subtracted by ZA =
250.0 with the result stored at line 170. The variable ZB is
set equal to 7.0 and then added to the result at lire 170 with

the final result stored at line 170.
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APPENDIX D

MATRIX CONTROL CF THE TEST SYZTEN

Figure 57 of Appendix B is a basic diagram of the Elucidate
controlled system (Ref 22). The output of the test system at
any test point 1s subject to a selection of switches. The
instruments or power supplies are connected to the voltmeter
via the proper switch. These switches or relays are controlled
by the compiler which allows only those commands that are
technically feasible. Other checks are made to safeguard the
hardware.

Five test equipment (matrix) control verbs are provided:
CLOSE, OPEN, CONMNECT, DISCONMNECT, and RESET. CLOSE provides
the capability to pre-establish the instrument selected prior
to connecting the test point matrix to the instrument. The
OPEN command negates the CLOSE command.

The verb CONMNECT and its negative, DISCONNECT, are used to
connect/disconnect individual test points to various instruments.
The verb RESET returns all relays to their DISCCNNECTED,

OPEN state and does not have nouns associated with 1it.

In order to prevent undesirable combinations of switching,
the following rules presented in the programming manual (Ref 22)
were established for the system:

A. All nouns (or instruments). except the voltmetfer

(VMH, VML) and resistance measurement instrument
(RMH, RML), must be CLOSED before being CONNLCTED.
B. The voltage and current supply nouns (VS1-VS%, CS1 and

CS2) may not be closed with their respective externals.
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For example, VS1 may not be closed with External A
instrument at any matrix swiftching connection or pin.
C. Each noun is classified as a forcing type of sensing
(measuring) type.
D. Forcing nouns (power supplies) can be connected to as
many pins (testpoints) as desired; however, no
two forcing nouns may be connected to cne pin at the
same time.

E. Sensing nouns {(voltmeter) can be connected to only one

pin at a time; however, there is no restriction as
to cross connecticn of these nouns.

F. Since the voltmeter is differential (described by two r
nouns, Voltmeter Measure Hich (VMH) and Voltmeter
Measure Low (VML), both VMH and VML must be connected
before the voltmeter is read. This holds true for
Resistance Measure High and Low (RMH and RML).

Table XI shows the interrelation of Elucidate verbs and

nouns by indicating their allowable and required combinations.
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TABLE XI
VERB/NOUN APPLICABILITY TABLE-~MATRIX CONTROL VERES
VERBS
NOUNS | CLOSE | OPEN | CONNECT | DISCONNECT | RESET | READ | SET
VS1 X X X X X
VS2 X X X X X
VS3 X X X X
vsh X X X X X X
cs1 X X X X X X
cs2 X X X X X X
; EXT A X X X X
é EXT B X X X X
% EXT C X X X X
g EXT D X X X X
E EXT E X X X X
i EXT F X X X X
1 UP X X X X X
VMH X X X
VML X X X
RMH X X X X X
RML X X X X
RELAY X X
GND X X X X
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APPENDIX E

VARIAN 620/£-100 COMPUYER CHARACTERIOTICS

Varian 620/6-100 Features

The Varian 620/f-100 computer (Ref 23) is a high-spend,
general purpose, digital computer for scientific and industrial

applications is shown in Figure 61 and has the following features:

Memory cycle time: 750 nsec.

Instruction set size: 142 plus 8 optional instructions.

Word length: 16 bits.

Modular core memory: Expandable to 32,768 words in 4.096 or

8,192-word increments.

Automatic data transfer: Direct memory access (DMA) with trans-

fer data rates to 275,000 words per second; priority memory
access (PMA) for transfer rates to 1.3 million words per second.

I/0 capability: 64 devices can be placed on the I/0 bus with

the I/0 system expandable to include automatic block transfer,
multi-level priority interrupt, and cycle-~stealing transfers.

Software capabhility: DAS UA,DAS8A, and DAS MR (MACRO) assemblers;

binary load/dump (BLD II): debugging (AID II); computer
diagnostics (MAINTAIN II); mathematical subroutines; real-time

monitor (RTM), source program editor (EDIT); master operating

system (MOS) for fixed-and moving-head discs, drum, and magnetic

tape; ANSI FORTRAN IV, conversational BASIC; report generator,
RPG IV: and an extensive library of programs in the Voice

user's group.
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The Varian 620/1-100

Computer.
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In addition to the software capability, the Varian complles
Elucidate source code and thenr ccnverts it into machine language
object code using the DAS MR (MACRKRO) assembler.

Functional Orranization. The Varian 620/f-100 computer

functional organization is shown in Figure 62. Further infor-

mation concerning the detalled operation and organization of
his

ct

the 620/f~100 conmputer is beyond the scope of *t hesis.

Therefore, the reader is referred to Reference 23.
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APPENDIX F

VORTEX OPERATING SYITENM

The Varian Omnitask Real-Timc Executive (VORTEX) (Ref 24)
is a modular software operation system for cocntrolling,
scheduling, and mcnitoring tasks in a real-time multiprogramning
environment. VORTEX provides for background operations such
as compilation, assembly, debugging, or executlon of tasks not
associated with the real-time functions of the system.

VORTEX is comprised of the following basic features:

-Real-time I/0 processing

-Provision for directly connected interrupts

-Interrupt processing

~Multiprogramming of real-time and background

-Priority task scheduling tasks

-Load and go (Automatic)

~-Centralized and device-independent I/0 system using

logical unit and file names

-Operator communications

-Background programming aids:

FORTRAN and RPG IV compilers, DAS MR assembler, load-
module generator, library updating, debugging, and
source editor

~Use of background area when required by foreground tasks

-Disk/drum directories and references

~-System generator
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System Flow and Organization

VORTEX exccutes foreground and background tasks scheduled
btv operator requests, interrupts, or other tasks. All tasks
are scheduled, activated, and exccuted by the real-time
executive component on a priority basiz. 1In the VORTEX
operating system, each task has a level of priority that
determines what will be executed first when two or more tasks
come up for execution simultancously.

The job-control processor component of the VORTEX system
manages requests for the scheduling of background tasks.

Upon completion of a task, control returns to the real-time
executive. For a background task, the real-time executive
schedules the job-control processor to determine if there are
any further background tasks for execution. During execution,
any foreground task can use any real-time exccutive service.

Important foreground and background tasks are defined
below:

FPoreground Tasks:

Real-Time Executive (RTE): Processes, upon request by
task operations that the task itself cannot perform.

Input/Output Control (IOC): Processes all requests for
I1/0 to be performed on peripheral devices.

Background Tasks:

Job-Control Processor (JCP): Permits the scheduling of
VORTEX system or user tasks for background execution.
Positlons devices to required files, and makes

logical-unit and I/0-device assignments.
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File~Maintenance Component (FMAIN):
Manages file-name directorics and the space allo-
cations of the files. It is scheduled by the JCP

upon input of the JCP directive,/FMAIN,.
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PROBE CARD DEVELOPMENT AND THE

TAC PROBE UNIT
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APPENDIX G

PROPE CARD DEVELC2MENT AND THE TAC PRCBE UNIT

A probe card was developed by APAL to provide an interface

between the Singer and the NAND/NOR logic circuit chip shown

again in Figure 63. Thec probe card is shown in Figure 64 under

development in the probe card station. A probe is soldered

on the probe card corresponding to the contact pad position on

the
and

NOR

the

and

to correspond with the Singer's matrix pins (Figure 57) of

the

function with the necessary connections is shown in Table XII.

logic gate. The tip of each probe is about 1 mil in diameter
is to make contact with the corresponding pad of the NAND/
MESFET circuit of Figures 1 and 2.

The contact pads on the chip of Figure §$3 correspond to
connections for the power supply voltages, input/output,

ground provided by the Singer system. Each pad is numbered

system performance board. The correspondence of each pad's

Interface between the performance bcard and the probe card

is provided by low resistive colored ribbon wire and an edge

connector receptacle. The probe card 1s slid into the
receptable and in turn 1s attached tc the TAC probe mount as

shown in Figure 65.
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(a)

(b)

Firure 64, Prabe Dardl Aozembly Ttation. (1) Fxton-
ded View. () Cloce-lip View.
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APPELDIX H
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3

PROGRAM

TESTING USING THE MESFE
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APPENDIX U

REQUIRED PROCENMUNES TO PERWORN AUYONATED THOT™NA USTNG THE Wk

PR SOOI P B RN BRI

Ve

e

PavS

PROGERAM

In this appendix, detzailed procedurcs will be precented in
order to nerform automated testing using the MESFEDT prosram.

The crder of presentation 1s as follows:

1. Test System FPreparation,
2. MESFET Program Usage

3. MESFET Program Prob

—

cins,
The programmer is required to understand the procedures in
order to run the MESFET program successfully. It chould be
understood that the MNESFET program has not been fully developed
due to equipment complications. Areas in the program that nay

require further investigation will be pointed cut. This will

}

‘1

reduce any problems that may occur iIn ucing the MESFET rrogran
to perform automated testing of the GahAs NESFET NAUD/NCOR locic
circuit.

Test System Preraration

In this section, it is assumed that the power supplies,
Varian computer, and all peripherals have been turned on pric

&

to performing automated testing. It is also assumed that the

power supplies have had at least one hour of warm-up time. Test

system preparation will now involve the following (Refer to
Figure 66):
1. Load VORTEX operating system into main core memory from

the disc using the following:
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a. Clear all resisters. (Load 0 000 000 000 000 000).

b. Load 0 0CO 020 000 Q00 0C1 into the A register.

c. Load 0 111 111 110 000 0CO into the P register.

d. Place VORTEX Boot tapre into paper tape/reader punch.
Depress LCQAD Switeh,.

e. Press the TNT (Interrupt) and Reset switches.

f. Place STEP/RUN switch in RUN position. |

g. Press LOAD. The VORTEX Boot tape will now run
through the paper tape reader and load the operating
system.

h. Loading of the operating system will be indicated
by the following address indicated on the register
display

0 111 111 110 111 111

i. If the above address 1s not displayed, the entire

process beginning at 'a' must be repeated.
2. Assignment of peripherals willl inrvolve determining
which peripherals will be used to provide the desired method of
1/0:

a. Insure that the CRT, teletype, and line printer areo
placed 'on-line'.

b. Insure that computer select switch located on back of
line printer is set at 'VAR' or Varian.

c. Type; IOLIST on the CRT. The output 1s as follows:
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TR(031)
TA(O30)
TL(029)
T0(028)
TI(027)
co(026)
EO(024)
SE(023)
PL(016)
FD(015%)
0s(013)
ES(01M)
S1(002)
S0(003)
PI(004)
LO(005)
BI(006)
BO(007)
SS(008)
GO(009)
PO(010)
DI(011)
D0O(012)
CU(101)
SW(102)
CL(103)
OM(104)
BL(105)
PL(106)

d. If the magnetic
store or output programs in
the following on the CRT;

sASSIGH,
sASSIGN,

e. If the magnetic
printer, type the following

3ASSIGN,
3ASSIGN,

f. To use the line
teletype, type the following

3ASSIGN,

;ASSTICN,

jorersle}
A
Ly X
TY &
TYZZ
BCUA
BILPRE
DA A
PAEK
NTZ A
DEET
Iplojon]
CTédt
CTZ?
CRZY
Lg%
PT¢D
PTER
D@Zu
DZZG
DZZH
TYZD
Y@
D¢z
DEGE
D@IZA
DEED
D@AC
D@ZR

L | | | | | | (L | L (| L [ [

tape unit is desired to be used to

conjunction with the teletype, type

TL = TY@P

ED = MTJY
tape unit 1s desired with the line
on the CRT;

TL = IJPQZ

ED MTEd

printer in conjunction with the

TL LT84

ED DM
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g. To use the teletype as the primary I/0 device, type

;ASSIGN, TI,

TYZE

3ASSIGN, ED DUM

The teletype can be used to input and store programs regardlecs

of the peripheral agsignment. The primary methed to input programs
is accomplicshed at procedure 'g'.

3. Scheduling of Tasks will be performed in order to calibrate
the test system automatically as well as to begin automated
testing:

a. To calibrate the system automatically, insure that
procedure '2.f'. is perlcrmed.
Then type
sSCHED, CALIB, 2, FL, F
on the CRT. Afterward, refer to the teletype for further
instructions. CALIB will indicate the status of all power sup-
plies including sensitivity deviation, cffset error, et ceters.
b. To set the system up to perform autcmated testing,
type the following on the CRT:
3SCHED, TEST, 2, FL, F

This completes the preparation of the Singer test system to

perform automated testing.

MESFET Program Usame

MESFET program usage will consist of the necessary procedures
required to perform tests on the Singer. These procedures are:

a. Refer to Figure 66. Figure 66 indicates the input
commands to place intc main memory from disc compile, edit, and

run the MESFET program.

187




A

BEGIN
AUTOMATED
TESTING

J

v

TYPE OLD, MESFET

YES

TYPE
ELIST OR EL

LIST DESIRED
LINES BY TYPING
EL LINE #'¢

Oa

REFFR 70

B PROGRAMMING

MANUAL
TO USE EDITOR

MAKE

NEEDED CHANGES

NO

TYPE COM

TYPE COM,N

Figure 66.

MESFET Program Usage Flowchart.
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EDIT

PROGRAM
?

YES

YES

NO
: RUN PRO
?

GRAM

NO

YES

ADJUST WAFER

WAFER
SET UP PROPER

TYPE

A

COMPUTER
RESPONDS WITH

‘INPUT ID'

TYPE

ID FOR WAFER

l

COMPUTER RESPONDS WITH
"INITIALTIZE TAC AND INPUT
X AND Y POSITION'.

r

RIIN

|

TYPE IN
DESIRED X AND Y
POSITION

!

COMPUTER RESPONDS WITH
'TAC PROBE AUTGMATIC

OR MANUAL MODE!

N

Figure 66. Continued.
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TYPE IN
AUTO OR MANUAL

TAC PROBE MOVES
AUTOMATICALLY

N ACROSS WAFER AND

TESTS CHIPS

COMPUTER RESPONDS WITH
"INPUT X-POSITION,y-POS-

ITION'

TYPE IN
DESIRED CHIP
LOCATION ON

WAFER

TAC MOVES ON
DESIRED CHIP

AND CONDUCTS
TESTS

YES

NO

DEPRESS
'BREAK' CON TTY

S ——

X

STOP
MESFET
PROGRAM

YES

Figure 66. Continued.
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b. To store any changes made to the MESFET program
type the following:
REPLACE MESFET

It should be noted that the VARIAN periodically runs into
overflow or loses the starting address of the program. This is
indicated by the bit overflow display on the VARIAN or that the
address display is not 1lit at all. It is also indicated by
no response from the computer on the teletype when RETURN is
pressed. All changes made to the program may not be lost. If
the previous conditions occur, loading of the operating system
is required according to the previously established prococdures.
Changes made to the program will most likely be kept in the
'scratch!' portion of memory whecre all changes are nade prior
to storing them on the disc. Generclly, thore is no need to
call the MESFET program to memory the above problems occur,

When calling up the MESFET program, problems may occeur,
however. These problems are indicated by the fact that the
program may not compile correctly as it did befecre. This is
believed to occur when transfefring the program from disc Lo
memory. The problem can be minimized by leaving the disc drive
and VARIAN on. The program can also be called from main memory
(scratch areas) after a period of disuse, but 15 best to compile
the program to determine if any errors do exist. Commen errors
not noted in the programming manual are:

1. Duplication of lines of code.

3. Omission of code.

If these errors do occur, referral to a correct MESFET

listing 1s suggested to remove the errors.
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APPFNTIX J

i
t
M
J FOUR=-BIT AFIT/AWAT, ACOUNILADCR TRon Ry
i
i AND CONCTUSTAND
The objective of the work to follow is to present the

[o9]
b=
(
C

conclu

procedures, obtain results, anl
mated testing of the 4-bit AFIT/LATAL accumulator chip, Figure:s
67 and €68. The accumulator was dezigsncd and develcped Ly the
Microprocessor Design course (EFR 6,95/6.2¢) students at AFIT in

the Spring and Summer Quarters of 197%. The advisor and tezcher

for this effort was Major J. M. Borky. The accunmulator was

perform the testing of the accumulator.

Desien Operaticon of the L-Rit Accumulator

Referring to Ficure 67, the accumulator accepts 4 data input
(DBF-DB3) with a total of 2u or 16 comblnations as shown in Table
XITII. The accomulator is to perform the following data operations:
parallel load, shift left, shift right, rotate, and nothinsg.
Control signals CACC@Z, CACCl, and CRCCZ control the operaticnc

which are listed in Table XIV.
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Table XITI. A4-Bit Accunulztor
Input Data,

g
st
oS

o

DB2 nn

g
™
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The accumulator was designed and developed using silicon
gate P-MOS transistors. The use of P-MOS devices requircs the
use of negative logic inputs. The accumulator also reguires
two phase clock signals, ¢X and ¢y’ to transfer the data

(DB@Z-DB3) to the outputs ACCA-ACC3 according to the appropriote

set of control signals. The gate requires two biases: Vdd
at ~7.0V and Vgo at -14.5V. A reset control signal, CRST, is
DO

included to reset the accumulator to zero. Since necative logic
is used, a logic 1 is set at -7.0 and a logic 0 at, 0.CV or ground
potential. These inputs and their appropriate logic levels are
listed in Table XV. The timing diagram of Fipgure €2 indicates

the relationship of contrel to phase clock signals to be used

to shift data. The designers of the accumulator desisn the

device to shift data after ¢x’¢y phase clocks were applied to the

device.
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Automated Teatine of the Uit fccumulator

A means was necded to test the d-bit accumulator aficer itc
fabrication at AVFWAL/AADY. The Oinger tester was a logical
choice to test the accumualator 4t the wafer level. In order
to test the device, 2 nrobe card was reguired to be develoned
to interface the device with the Singocr tester. The probe card
was inserted into the TAC probe unit jus® as in the testine
of the MESFET. Table XVI lists the functions of the bonding
pads and the assigned probe card pin numbers.

Automated Testling Procedurcs. MNow that the functions ¢f the

4.

various signals have been noted, it 1s now time fto state the
testing procedures used to determine the performance of the
b-bit accumulator. The following is a simple algorithm adopted
for one particular tecting procedure for the Singer tester:

1. Reset the Singer tester,

2. Set up the appropriate power suppliles.

3. Input desired data.

4. Apply desired control signals to either parallel load,

shift left, shift right, or rotate the deisred data.

5. Apply ¢, 59 -

7y
6. Stop.
The above algorithm was implemented into a program to be used

on the Singer Tester.

Automated Testineg Results and Conclusions. The objective

of the testing of the 4-bit accumulator was to determine if it
was capable of performing the data operations as indicated in
Table XIV. The 1little known fact in the testing of the 4-bit

accumulator was that of the clock rates that were required
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to transfer data to the outputs ACCZ-ACC#. This wac not

available in the provided documentation nor from a consultation
with cne of the designers of the accumulator. From Chapter VI,
it was noted that the highest frequency available on the Singor
was about (2.5 Hz., Consultation with the advisor indicat-d
that the clock rates required for the accumulator weoere somewhat
higher. As a result, no valid data was obtained from the
accumulator testing. The main problem experimented in using

the Sinser was that the clock rates and therefore the period
and pulse widths of the control signals could not be controlled.
Given the fact that these characteristics were unknown, made

it even more 4ifficult to provide the proper signal characteristic

€]

required by the Singer. The scource code was nov capable of
providing the proper signal characteristics required by the
accumulator whatever they were. The source code provides mainly
for static testing only and is limited to the testing of DC
parameters. A further study of this area is presented in
Chapter VI.

In conclusion, the Singer tester is not capable of providing
variable clock rates to the degrec of flexibility required by
some circuits. From the testing it was discovered that the source
code was also not capable of providing the clock pulces ¢x’¢y
as in Figure 69 due to the fact mentioned above. ¢X would
simply overlap ¢y' The automated testing of the 4-bit
accumulator served as a basic exercise to understand the
Elucidate testing language and testing technigques, the
Singer tester itself and its capabilities. This cxperience aided
in the development of the automated tescting propgrams to test the

GaAs MESFETs of Ficure 19.
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Table YIV., H<2it Accunulator
Control Nirnuln,

CACCO CACCL CACC?2 FUICTICH
0 0 - PARALLEIL LOAD
0 1 ~— SHIFT LEPTY
1 J 0 SHIFY RICHT
1 e 1 ROTATE
1 1 ~- LOTHING

Table XV. 4.-Bit Accunmulator
Voltage Innuts,

VOLTAGT INPUTS HIGH LoV
CACC@-CACC2 -7.0 0.0
DRZ-~-DR3 -7.0 0.0
CRST(RESET) ~7.0 0.0
Vo -7.0 0.9
Vag ~7.0 0.0
gx 7.0 0.0
-7.0 0.0
gy
CARRY -7.0




Table XVI. H-Rlt Accumulater Probe
Card Intcerface Conncctlons.
BONDING PAD RUNCTICN PIN [TUMRER h

ACC1 1

ACC?2 2

DB2 3

CARRI

D31 5

RESET 6

DBy 7 !

CACC?2 8

CARRYZ 9

CACCY 11 i
( DB3 10 |

CACC1 14

ACC3 13

ACCH 12 i

Vag 15

by 16 |

aHD 17 !

Vo 18

¢y 19

VGG 20

|
{
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Auteomated Tesotin~ Procodures. New that the functionoc of

the various sicnals have been noted, it is now time to ctate
the testing procedures used to deternine the performance of the
4-bit accumulator. The fcllowing is a simple alcorithm
adopted for one particular testinge procedure for the Sincer
tester:

1. Reset the Singer tester.

2. Set uu the anvronriate vower supplics.

3. Input desired data.

4. Apply desired control sicnals to either parallel

load, shift left, shift richt, or rotate the desired data.

5. Apply Pygaty

6. Stop-
The above alzorithm was implemented into 2 program to be used
on the Singer Tester,

Automated Testine Regulte and Conclucslens. The objective

of the testing of the U4-bit accunulator was to determine 1if
it was capable of performing the data cverations as indicated
in Table XIV. The 1little known fact in the testing ol the
bobit accumulator was that of the clock rates that were

reqgquired to tran

(&)

fer 2data to the outputs ACCZ-ACC3. This
was not available in the provided documentaticn nor from 2
consultation with one of the desirners of the accumulator.
From Chanter VI, it was noted that the highest frequency
available on tne Singer was about 62.5 Hz. Consultation
with the advisor indicated that the clock rates required for
the accumulator were gomewhat hirher. As & ronu}t, no valid
data was obtained from the accunulator tectine.  The maln
problen ~xrerienced in usling the SinpFer was that the clock
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rates and therefore the period and pulse widths of the control
signals could not te controlled. Given the fact Lhat these
characteristics were unknown, made it even more difficult to
provide the proper signal characteristics required by the
Singer. The source code was not capable of providing the
proper signal characteristics required by the accumulator
whatever they were. The source code provides mainly for
static testing only and is limited to the testing of DC
parameters. A further study of this area 1s presented in Chapter VI.
In conclusion, the Singer tester is not capable of providing
variable clock rates to the degree of flexibility required by some
circuits. From the testing it was discovered that the source
code was also not capable of providing the c¢lock pulses ¢X, y
as in Figure 69 due to the fact mentioned above. ¢x would simply
overlap ¢y' Tre automated testing of the UY-bit accumulator
served as a basic excrcise to understand the Elucidate testing
language and testing techniques, the Singer tester itsell and its
capabilities. This expericnce aided in the development of the

automated testing programs to test the GaAs MESFETs of Figure 19.
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APPENDIX K

SINGLE GATE DC PARAMETER MODEL DATA




A

TABLE XVII DC Parameter Data For Scurce Follower Characterigtic

Curves, Ficure 14

IDSS(mA) = 11.6
= 08.
vp(v) 08.0
gm(mmho) = 2,2
Rd(ohm) = 3.0
ID(mA)
Vg (V) Vag (V) R (Ohm) R (Ohm) CALC. MEAS. [ RRGICH
0.0 0.0 184 2500 0.0 0.0
0.5 2.71 3.2
0.0 5.84 6.0 LINEAR
1.5 8.1 8.4
2.0 10.8 10.3
2.5 0.0 184 2500 11.7 11.5
3.0 11.96 11.9
3.5 12.1 12.0 | SAT
4.0 12.33 12.3
4.5 12.52 12.5
5.0 12.7 12.6
0.0 -1.0 229 2500 0 0
0.5 2.18 2.8
1.0 .80 5.2 LTNEAR
1.5 6.55 7.2
2.0 8.73 8.8
2.5 -1.0 229 2500 9.0l 9.4
3.0 9.22 9.6
3.5 9.40 9.2 | saT q
4.0 9.69 10.0
4.5 9.77 10.2
5.0 9.95 10. 4
0.0 -2.0 294 1785 0.0 0.0
0.5 1.7 2.4
1.0 4.0 4.y LINBAR
1.5 5.1 5.8
2.0 -2.0 294 1785 6.55 €.5
2.5 6.79 6-9
3.0 7.03 7.2
3.5 7.27 7.5 SAT
4.0 7.51 7.6
4.5 7.75 8.0
5.0 7.99 8.2
223"
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—

’—_ ID(mA)
VDS(V) Ve (V) B_(0hm) R, {Ohm) CALC. MESASL] RiaTON
1.5 -6.0 PHuQ 2500 0.66 0.7¢C
2.0 0.76 0.%0
2.5 0.86 0.82
3.0 0.96 0.93 Ry
3.5 1.05 1.10
.o 1.16 1.20
4.5 1.26 1.22
5.0 1.36 1.40
0.0 -7.0 5000 2500 0.0 0.0
0.5 0.1 0.2 LINTAR
1.0 0.2 0.22
1.5 0.26 0.30
2.0 0.33 0.40
2.5 0.39 0.L>2
3.0 0.46 0.46
3.5 0.52 0.7¢ | SAT
4.0 0.59 0.80
. 5 0.66 0.81
5.0 0.73 c.82
0. -8.0 10000 2500 0.0 0.0
0.5 0.05 0.1 LINEAR
1. 0.1 15
1.5 -8.0 10000 2500 0.12 0.7
2.0 0.16 0.21
2.5 0.24 0.39
3.0 0.26 0.40 cpn
3.5 0.28 0.41
.o 0.319 0.4?
4,5 0.36 0.4
5.0 0.40 0.46

k\i___
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APPENDIX 1,

ALTERNATE MuTHOD 70 RESCLVE CURRENT

MEASURTNG INACCURACY OpF THI STNGER TEITER

~

The purpose of this appendix is to present a method uced
to attempt to resolve the current meacurings inaccuracy of

the Singer tester. According to the results presented in
Chapter V, MESTET drain currents were inaccurate bty as much
as 1.ImA. An inaccuracy such as this value preventecd the
MESFET program to determine the pinch-off voltare of a MESFET.
Comparisons between curve traccer photopraphs (I-V character-

istics) and the results obtained with the Sinrer were made

3

to determine that a protlem with L{he tester truly existed.

-

To verify thiz provlem, = simple prooram to measurce resistance
was written and imrlemonted on the Singer as follows:

100 RELET

130 CON GND LD; V35 35
14C  SET VS5 ©.0V, 1C0.0mA
150 CON VMH 35; VML 40
160 READ VSH U

170 READ VMH 4

180 PRINT 190 160

190 'I=!

200 PRINT 210 170

210 'v=!
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220 PAUSE : PROGRAF HALDDS UNTTL PROGRANNEE
230 INSTRUCTS TROGRAM TO CCNTINUL.

240  PRINT 2%0

250 ! 1

260 GOTO 160: MEASURD LNEXT RESISTANCE VALUR.

270 END

A decade resistance box was conniected across ping 38

and 40 of the performan ¢ board. The resistance was increacsed
by 1,000 ohms when the program halted each time at line 220
above. The maximum resistance set on the decade box was
50,000 ohms. The voltace was set at 5.0V with current measurcd
at each value of resistance. The actual current was calculated
using ohims at each value of resistance. Experimental curroents
were measured on the Singer for cach vealue of resistance.
The results obtained and the error factors are shown in
Table XVII] for values of resistance between 5,000 and 50,000
ohms at 5,000 ohm increments. The error factors were calculated

by dividing calculated values of current by the measured valucce.

Table XVIIICurrent Meacuring Accurzcy of the Singer

CALCULATE MEASURED ERROR

RESISTANCE(Ohms) CURRENT(mA) CURRENT (=AY ] FACTOR
5000 1.00 1.86 0.53
10000 0.50 1.36 0.37
15000 0.33 1.3% 0.37
20000 0.25 1.12 0.22
25000 0.20 1.08 0.18
30000 0.17 0.02 0.17
35000 0.14 1.01 01.3
hocoon 0.12 0.99 0.12
45000 0.11 0.98 0.11
5000 0.10 0.96 0.10




Error factors fcr currents for resistances between 1,000

and 50,000 ohms werec obtained but not shown in the table. A
mean error factor value was then obtained for several values of
currcnt throughout the resistance range. The MESFET program was
then set up to multiply a drain current by the appropriate crror
factor when the measured current was within the current range
for the specified error factor.
Using the above method to cbtain the proper drain currents
did not prove fruitful. The objective was to develop a simple
method to resolve the current measuring inaccuracy of the
Singer as discussed in Chapter V. Solving this problem would
hopefully provide the capability to obtain pinch-of{ using the
MESPET program since current measuring accuracy is important.
Another but similar method was then attempted to resolve
the current accuracy problem. Without going into detail,
curve tracer I-V.characteristics (Figure 70) were obtained for
a SOURCE FOLLCWER MESFET. The same MESPFET was then tested on
the Singer to determine experimental values of drain currcnt
(Table XX). Error factors were determined for values of curront

as shown in Table XTX.

Table X7X. Error Factors Used to hesolve Current Measuring

Inaccuracy of the Singer,

CURRENT RANGE_(mA) ERROR I'aTTOR
4.0 to 8.5 0.84
3.0 to 3.9 0.7H4
2.25 to 2.9 0.64
1.70 to 2.24 C.54
1.45 to 1.69 0.45
1.27 to 1.44 0.38
1.20 to 1.26 0.30 cont..
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Table XIX Continued.

CURRENT RANGE (ma)

ERROR FACYOR

\.

1.15
1.11
1.07
1.01
0.05
0.00

to
to
to
to
to
to

1.19
1,14
1.10
1.06
1.00
0.04

.25
.22
.12
.10
.05
.01

OCO0OO0O0 O




Figure 70. Sample MESFET Used to Obtain Error Factors.

Table XX . Errcr Factor Results for a SCURCE FOLLOWER,

DC PARAMETER CURVE TRACER STNGER SINGERE
VDS (V) 5.0 4 .99 4.,a5
TDSS(mA) 3.7 4 ol 4.0
VP (V) -1.6 1.59 ~1.0a
1D (mA) 0.01 1.15 n,Gh
LIMITS VP@ 0.27% of IDAS 0.57<Tne1, 07 ]
VGs (V) ID(mA) TDh(mA) T0nn)
1.0 0.56 1.75 Ay
1.2 0.2% 1.40 0,04
1.4 0.05 1.21 L
1.6 0.01 ——— -
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